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The field of spin caloritronics aims to develop novel physics and application based on the coupling of spin 
and heat currents. Experimental studies on spin caloritronics begin with the investigation of heat-to-spin current 
conversion phenomena. The spin Seebeck effect (SSE) is one of these phenomena, which refers to the generation 
of a spin current, a flow of spin angular momentum, as a result of a heat current in magnetic materials. When a 
conductor is attached to a magnetic material, the thermally induced spin current is injected into the conductor. This 
spin current is then converted into an electric field via the spin-orbit coupling in the conductor. Another important 
topic in spin caloritronics is the spin-to-heat conversion phenomena, such as the spin Peltier effect (SPE) and spin-
dependent Peltier effect (SdPE). These phenomena refer to the generation of a heat current as a result of a spin 
current. Here, the mechanism of SPE (SdPE) is discussed in terms of non-equilibrium transport of magnons 
(conduction electrons’ spins). This thesis addresses a part of spin caloritronics that focus on the interplay between 
spin and heat transport using different materials. The main motivation of this thesis is not only understanding the 
mechanism of spin-heat interconversion phenomena in paramagnet/ferromagnet junctions but also develop 
techniques for realizing thermoelectric generation based on SSE and heat control technique based on SPE and 
SdPE. For this purpose, we have systematically investigated SSE, SPE, and SdPE in various 
paramagnet/ferromagnet junctions. 
In chapter 1, I show basic concepts and former studies related on spintronics and spin caloritronics which are 
necessary to understand the following chapters. 
In chapter 2, I describe the sample preparation, characterization and measurement methods. 
In chapter 3, we demonstrate a new spin-charge conversion mechanism in paramagnet for the SSE devices. 
The SSE is attracting growing interest in spin caloritronics owing to its potential application to thermoelectric 
conversion. However, the heat-to-charge conversion efficiency is still insufficient for application. Therefore, the 
investigation of the SSE using various mechanism and materials is important for improving the efficiency. Here, 
we report the observation of the SSE in the Bi2O3/Cu/yttrium-iron-garnet (YIG) devices. The measurement results 
indicated that the generated spin current converted into electric voltage due to the spin-orbit coupling at the 
Bi2O3/Cu interface. Also, we found that the thermoelectric conversion efficiency is independent of Cu thickness, 
indicating the important role of the Bi2O3/Cu interface. Our study demonstrates that not only the bulk inverse spin 
（別紙様式５）                                       
(NO.4) 
Hall effect but also the spin-orbit coupling near the interface can be used for SSE-based thermoelectric generation. 
In conclusion, the interface spin-orbit coupling may be useful for a new strategy for efficient thermoelectric devices. 
In chapter 4, we investigated whole features of the SSE devices which are essential for the heat-spin 
conversion and presented a possible application of the SSE devices. To demonstrate that SSE devices are applicable 
to thermoelectric generation even in high radiation environments, we have investigated the effect of gamma (γ) 
ray radiation on the Pt/Ni0.2Zn0.3Fe2.5O4/Glass and Pt/Bi0.1Y2.9Fe5O12/ Gd3Ga5O12 devices, which are typically used 
in the SSE study. We confirmed that the thermoelectric, magnetic, and structural properties of the SSE devices 
were not affected by the γ-ray irradiation, showing high γ-radiation resistance of the devices.  
In chapter 5, we measured the SPE in the Pt/GdIG junction around the magnetization compensation 
temperature of GdIG by means of the lock-in thermography method. Recently, the SSE has been observed in a 
compensated ferrimagnet gadolinium iron garnet (GdIG), revealing that the SSE is sensitive to the magnon 
dispersion relation. However, the reciprocal of the SSE, the SPE, had not been investigated in a compensated 
ferrimagnet so far. Here, to reveal the detailed behavior of the spin-to-heat conversion in a compensated 
ferrimagnet, we have investigated the SPE in the Pt/GdIG junction. The SPE signal in the Pt/GdIG junction showed 
a sign change around the magnetization compensation temperature. The result demonstrated the similar 
temperature dependence of the SPE and the SSE for the Pt/GdIG hybrid system, consistent with the reciprocity 
between the SPE and the SSE.  
In chapter 6, to clarify the spin-heat conversion mechanism in metallic systems, we have investigated 
temperature modulation due to pure spin current in bilayer metallic films consisting of a paramagnetic metal (PM; 
Pt, W, or Ta) and a ferromagnetic metal (FM; CoFeB or permalloy). When a charge current was applied to the 
PM/FM bilayer film, a spin current was generated across the PM/FM interface owing to the spin Hall effect in PM. 
The spin current was found to exhibit cooling and heating features depending on the sign of the spin Hall angle of 
PM. This behavior can be driven by the conduction-electron-driven spin-dependent Peltier effect and magnon-
driven spin Peltier effect in FM. To clarify the origin, we compared the spin-current-induced contribution in 
PM/FM systems with the phenomenological calculations based on the spin and magnon diffusion models. We 
found that the observed spin-current-induced temperature modulation is greater than that expected from the spin-
dependent Peltier coefficients reported in earlier studies, indicating that the signals in the PM/FM films may 
contain the substantial contributions from the magnon-driven SPE.  
Chapter 7 is devoted to summarizing our results. We investigated the fundamental interaction between spin 
and heat currents. The results obtained in this thesis are important to clarify the microscopic origin of the spin-heat 
interconversion in magnetic hybrid systems and to improve its conversion efficiency. The findings show that the 
magnon spin current is important both in insulating and metallic systems. This investigation can provide new 
insights for spin-heat conversion efficiency via magnon engineering. We believe that this work improves the 
current knowledge of spin caloritronics and contributes to the development of thermo-spin conversion devices.  
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Introduction 
Spintronics relies on the spin degree of freedom of electron [1–3]. Electron 
spins have spin-up and spin-down states which can use for logic applications. The 
discovery of the giant magnetoresistance (GMR) is the first demonstration for 
spintronics devices [4,5]. Albert Fert and Peter Grunberg were awarded for Nobel prize 
in Physics in 2007 for GMR effect. In GMR effect, a non-magnetic conductive layer is 
sandwiched with two magnetic metal layers. This sample structure shows low (high) 
resistance while the magnetization of two magnetic metal layers are parallel 
(antiparallel). This feature is treated as “0” and “1” states for data storage. Later, 
tunneling magnetoresistance (TMR) effect is discovered by replacing non-magnetic 
conductive layer with very thin insulating layer, resulting much larger 
magnetoresistance. Currently, non-volatile memory technology is based on TMR 
effect [6,7]. 
Recently, many new effects have been investigated in spintronics. The most 
promising findings are related with spin current, which carries spin-angular momentum. 
One of the features of spin current is that the magnetization of magnetic materials can 
be switched by spin current. This phenomenon called spin-transfer-torque (STT) [8,9]. 
STT attracts many scientists interest to build and develop the STT-MRAM devices for 
memory applications. 
The field of spin caloritronics, a subfield of spintronics, is concerned with the 
understanding the relation between heat current and spin current [10,11]. The coupling 
between heat and spin currents has been attracted by researchers after the discovery of 
the spin Seebeck effect in 2008 [12]. In the spin Seebeck effect, a spin current is 
2 
generated by a heat current. This phenomenon has been intensively studied because it 
has potential for applications in thermoelectric generation and heat sensors [13–16]. 
One of the major challenges for spin Seebeck effect is that heat-to-charge 
conversion efficiency is too small for thermoelectric generation devices. One of the 
advantages for spin Seebeck effect is that it allows us to use bilayer or multilayer 
structures [17,18]. This feature provides us to manipulate the properties of 
thermoelectric devices. Therefore, the spin Seebeck effect is a suitable method to 
improve the efficiency of heat-to-electric conversion.  
On the other hand, the reciprocal effect, spin Peltier effect, has been observed 
after the discovery of spin Seebeck effect [19,20]. In spin Peltier effect, a spin current 
induces a heat current. This phenomenon also assists to understand the physics of the 
interconversion between heat and spin currents. By combining the measurement of spin 
Seebeck effect and spin Peltier effect, it might be useful to improve the efficiency of 
the thermoelectric devices based on spin Seebeck effect. 
 
Figure 0.1 Schematic diagram for this thesis.  
3 
This thesis experimentally investigates the relationship between heat and spin 
currents. This work not only aims to understand the nature of heat-spin currents 
interplay relation but also provides information over potential application of thermo-
spin devices.  
Outline of this thesis 
Chapter 1 provides the fundamental concepts to understand the studies in the 
following chapters. Firstly, a definition of spin current is given. Then, the (inverse) spin 
Hall effect and (inverse) Rasha-Edelstein effect are introduced, which are important 
phenomena in spintronics to induce (detect) the spin current in materials. Further, 
conventional thermoelectric effects are briefly presented in this thesis. Thereafter, four 
main thermo-spin effects presented in this thesis are introduced. The final part of this 
chapter introduces the thermoelectric generation-based spin Seebeck effect. 
Chapter 2 provides the information over the sample fabrication and 
measurement methods which are used for the experiments presented in this thesis. 
Chapter 3 shows the investigation of the spin Seebeck effect in 
Bi2O3/Cu/Yttrium-iron-garnet (YIG) sample system. By using the interfacial spin-orbit 
coupling, the thermally generated spin current can be electrically detected. Control 
samples show the essence of heavy-element-oxide for the interface. We were the first 
group to experimentally combine interfacial spin-to-charge conversion phenomenon to 
spin Seebeck devices. 
Chapter 4 expresses the potential application of spin Seebeck devices in high 
radiation environment. We fabricated spin Seebeck devices on glass substrate with a 
cheap and easy fabrication method. Then, we checked gamma radiation resistance of 
the thermoelectric, magnetic and structural properties for these samples. The results 
reveal promising results for the thermoelectric generation based on spin Seebeck 
devices. 
Chapter 5 continuous on the investigation of spin Peltier effect by injecting a 
spin current from Pt later via spin Hall effect in a compensated ferrimagnet, focusing 
on spin-angular momentum transfer in Pt/Gadolinium-iron-garnet (GdIG). 
Temperature dependence of the spin Peltier effect and spin Seebeck effect has been 
measured in Pt/GdIG device. By this result, we support the Onsager reciprocity between 
the spin Peltier effect and spin Seebeck effect.  
Chapter 6 presents a study of spin-current-induced temperature modulation in 
metallic bilayers via spin Hall effect by using lock-in thermography method. We 
4 
fabricated PM/FM (PM: Pt, W, Ta and FM: CoFeB, Py) samples to investigate the 
origin of spin-current-induced temperature modulation. Furthermore, a model for spin-
dependent Peltier effect and spin Peltier effect is presented. Finally, we discuss the 
contribution of conduction-electron-driven spin dependent Peltier effect and magnon-
driven spin Peltier effect in metallic bilayers. 
Chapter 7 is devoted to summarizing our results and comment on their 
importance.  
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Chapter 1 
1 Background 
1.1 Fundamental physics of spin current 
1.1.1 Definition of spin current 
The physical meaning of spin current is interpreted in this section, comparing 
to the flow of electric charge current. 
The charge current jc is defined as the continuity equation of the electric charge 
density 
𝑐
 as follow [1,2], 
 𝑑𝑐
𝑑𝑡
= −𝑗c 
(1.1) 
The spin current density js is similarly introduced in terms of spin-angular 
momentum conservation. If spin-angular momentum is fully conserved, the continuity 
equation for spin-angular momentum can be described as [1]: 
 𝑑𝑀
𝑑𝑡
= −𝑗s 
(1.2) 
It should be noticed that the charge current density is a vector, but the spin 
current density is second rank tensor. This means both the direction of the flow and the 
spin polarized component should be considered.  
Let consider the following definition of a spin current js [1], 
7 
 𝑗s = ∑ 𝑠𝐤𝑣𝐤
𝐤
 (1.3) 
where 𝑠𝑘
𝑧 the z-component of the spin density is 𝑠𝑘 spin density with z-axis chosen as a 
spin quantizing axis, and 𝑣𝑘 is the velocity of elementary excitations related to the spin 
density 𝑠𝐤. 𝑣𝐤 is considered as spin independent velocity since focusing only on pure 
spin current that is unaccompanied by a charge current. 
Generally, there are two kinds of spin currents: conduction-electron spin current 
and magnon (spin-wave) spin current. 
1.1.2 Conduction-electron spin current 
If external forces such as electric field are applied to the metals or 
semiconductors, in terms of the conductive electrons in the Fermi surface, the non-
equilibrium charge current would be driven to flow. Electron spin-angular momentum 
would also be transported simultaneously with the motion of the conductive electrons. 
That is called conduction-electron spin current which only exist in conductors. 
Charge current density 𝑗c,e  and conduction-electron spin current 𝑗s,e  can be 
written by Eq (1.4). The z-component of the spin density is given by  
 𝑠𝐤
𝑧 = 𝑐
𝐤,
† 𝑐𝐤, − 𝑐𝐤,
† 𝑐𝐤, (1.4) 
where 𝑐𝐤,
†
is the creation operator for conduction electrons with spin projection  =, 
and momentum [2,3]. The expectation value of the conduction-electron spin current can 
be written as [3] 
 𝑗s
c−el =
ħ
2
∑ 𝑣𝐤 (〈𝑐𝐤,
† 𝑐𝐤,〉 − 〈𝑐𝐤,
† 𝑐𝐤,〉)
𝐤
 (1.5) 
where 𝑣𝐤 is the velocity of conductive electrons. This expression shows that asymmetry 
between the up-spin and down-spin electrons is necessary to obtain a non-zero 
conduction-electron spin current. When the conduction-electron spin current is 
expressed as described above, charge current can be expressed as: 
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 𝑗c
c−el = 𝑒 ∑ 𝑣𝐤 (〈𝑐𝐤,
† 𝑐𝐤,〉 + 〈𝑐𝐤,
† 𝑐𝐤,〉)
𝐤
 (1.6) 
where e is the elementary charge. In addition,  𝑗

= 𝑒 ∑ 𝑣𝐤 (〈𝑐𝐤,
† 𝑐𝐤,〉)𝐤  is flow of up-
spins and 𝑗

= 𝑒 ∑ 𝑣𝐤 (〈𝑐𝐤,
† 𝑐𝐤,〉)𝐤  is flow of down-spins. By using these expressions, 
Eq. (1.5) and Eq. (1.6) can be written as followings. 
 𝑗c
c−el = 𝑗 + 𝑗 (1.7) 
 𝑗s
c−el =
ħ
2𝑒
(𝑗 − 𝑗) 
(1.8) 
where 𝑗 and 𝑗 are the electron flow density for up-spin and down-spin. 
According to the definitions, Figure 1.1(a) indicates the charge current flow of 
electric charges which are transported by the conduction electrons. Spin current flowing 
of angular momentum which is transported by conduction electrons is indicated in 
Figure 1.1(b). Here, when up-spin and down-spin electrons flow in opposite directions, 
the spin-angular momentum can flow without the charge current. 
 
Figure 1.1 (a) Schematic illustration of the charge current density 𝑗c
c−el and (b) the 
conduction-electron spin current density 𝑗s
c−el.  
1.1.3 Magnon (spin-wave) spin current 
 The other type of spin current is called magnon (spin-wave) spin current [Figure 
1.2]. In this case, the z-component of the spin density given by [2,3] 
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 𝑠𝑘
𝑧 = 𝑆0 − 𝑏𝐤
†𝑏𝐤,  (1.9) 
where is 𝑏𝐤
†
 the creation operator for magnon with momentum k. Substituting Eq. (1.9) 
into Eq. (1.3) and taking the statically average, the expectation value of the magnon 
spin current is given by 
 𝑗s
mag
=
ħ
2
∑ 𝑣𝐤 (〈𝑏𝐤
†𝑏𝐤, 〉 − 〈𝑏−𝐤
† 𝑏−𝐤〉)
𝐤
 (1.10) 
where 𝑣𝑘  is the magnon velocity and 𝑣−𝐤 = − 𝑣k relation is used for this expression [3]. 
Eq. (1.10) reveals that an asymmetry between the left moving population and the right 
moving population is necessary to obtain a non-zero magnon spin current [3]. 
 
Figure 1.2 Schematic illustration of the magnon (spin-wave) spin current  𝑗s
mag
.  
Both conduction-electron spin current and magnon spin current are non-
conservative. In metals, the conduction-electron spin current can propagate over nm 
length scale depending on the spin-orbit interaction strength of material. In contrast, the 
magnon spin current have mm length scale [4]. 
1.2 Spin Hall effect  
1.2.1 Direct spin Hall effect 
When a magnetic field with a perpendicular component is applied, motion paths 
of carriers between collisions are curved because of experiencing the Lorentz force. 
That is the mechanism for the Hall Effect [5]. In a ferromagnet, along the perpendicular 
direction of both the magnetization and charge current, another Hall Effect appears 
which is called anomalous Hall Effect [6]. Spin-orbit interaction is responsible for this 
phenomenon. In ferromagnetic metals, the up-spin electrons and the down-spin 
electrons are curved to opposite directions due to the spin-orbit interaction, so because 
of the presence of spin polarization, the number of up-spin electrons and down-spin 
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electrons are unequal which induce the charge accumulation. That is the mechanism for 
the anomalous Hall effect [ Figure 1.3(a)]  
 
Figure 1.3 (a) Schematic illustration of anomalous Hall effect. (b) Schematic 
illustration of spin Hall effect.  
 In fact, the same phenomenon also exists in the paramagnets when the charge 
current flows. In this case, because of the absence of spin polarization, there would be 
no charge accumulation. However, the up-spin electrons and the down-spin electrons 
are curved to opposite directions due to the spin-orbit interaction. Consequently, as 
show in Figure 1.3(b), in the direction perpendicular both to the directions of the charge 
current and the spin polarization, a pure spin current is induced. This phenomenon is 
called spin Hall effect [7–9]. The convention efficiency from charge current to spin 
current is expressed by the spin Hall angle (θSH) [9]. 
 𝑗s
𝑖𝑗 = 𝜃SH
𝑖𝑗𝑘𝑗c (1.11) 
where i is the direction of spin polarization, j is the flow direction of spin current, k is 
the flow direction of charge current and 𝑖𝑗𝑘 is anti-symmetric tensor. The electric 
conductivity xx in the direction of the charge and Hall conductivityxy have the 
relationship of θSH = xy/xx.  
The pure spin current induced by the spin Hall effect is that in the two edges of 
the sample. The spin with opposite polarizations respectively accumulates, because spin 
current has the time reversal symmetry. Despite no external magnetic field is applied 
where the time reversal symmetry is not broken, the spin Hall effect occurs which is 
different from the normal Hall effect. The spin Hall effect can be responsible for the 
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generation of spin current without using the ferromagnet, so it plays an essential role in 
spintronics. 
The concept of spin Hall effect was firstly proposed by Dyakonov [10]. The 
experimental investigation of spin Hall effect was observed by Kato with optical 
detection techniques by magneto-optical Kerr microscope [Figure 1.4] and by 
Wunderlich by circularly polarized electroluminescence detection based on p-n 
junctions [Figure 1.5] [11,12]. 
 
Figure 1.4 Experimental demonstration of the spin Hall effect reported by Kato et 
al. [11]. Figure reprinted by permission from Ref. [11] © 2004, American Association 
for the Advancement of Science. 
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Figure 1.5 Experimental demonstration of the spin Hall effect reported by 
Wunderlich et al. [12]. Figure reprinted by permission from Ref. [12] © 2005, 
American Physical Society. 
1.2.2 Inverse spin Hall effect 
The inverse effect of spin Hall effect, which is called inverse spin Hall effect, 
is the convention from spin current to charge current [Figure 1.6] [1,2]. 
 
Figure 1.6 Schematic illustration of inverse spin Hall effect. 
The inverse spin Hall effect was observed at approximately the same time by 
different groups using the methods of spin pumping and non-local method [Figure 
1.7] [13–17]. By these methods, the detective technology for inverse spin Hall effect 
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has been much developed in recent years and quantitative evaluation phenomenalism 
for the experimental data is being established. 
 
Figure 1.7 Experimental demonstration of the inverse spin Hall effect by the method 
of spin pumping reported by Saitoh et al. [14]. Figure  reprinted from Ref. [14] with 
the permission of AIP Publishing  2006 AIP Publishing LLC.  
The convention efficiency from spin current to charge current can be expressed 
by the spin Hall angle (θSH) [8]. Materials such as Platinum and Gold have large spin 
Hall angle, so the spin current can be detected as the electric voltage. However, the 
injected spin current will vanish as the distance longer than the spin diffusion 
length [18]. So, for the detection of spin current, fabrication of thin film samples is 
necessary. We can say that the rise of spintronics accompanies the development of 
nano-electronics. 
1.3 Rashba-Edelstein effect 
1.3.1 Direct Rashba-Edelstein effect 
 The spin Hall Effect plays an important role in spintronics to produce spin 
current. The spin Hall effect is known as for the bulk effect in the material. However, 
another known effect is so called Rashba-Edelstein effect. It plays also important role 
in spintronics [19,20]. The Rashba-Edelstein effect is related with the spin-orbit 
interaction at the interface where the electron and spin are confined. This effect occurs 
at the interface or surfaces. Large Rashba coupling occurs at the interface of heavy 
element which have large spin-orbit coupling [19]. Large Rashba couplings were 
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observed in Bi, Pb and W [21,22]. To create Rashba interface, Ag, Si and Cu are used 
as non-magnetic materials with the heavy materials.  
First proposing of charge-to-spin currents conversion using Rashba coupling 
was done by Edelstein [19].Similarly with spin Hall effect, the spin accumulation due 
to Rashba coupling can lead to a torque on the magnetization of magnetic layer. As a 
outcome, this Rashba-Edelstein effect can be used in experiments of current-induced 
magnetization switching or domain wall motion [19,23–25]. 
1.3.2 Inverse Rashba-Edelstein effect 
Recently, Sanchez et al. showed by using transport measurements to 
demonstrate the conversion between charge current and spin current in an interfacial 
Rashba coupling [26]. They injected a spin current into a Bi/Ag bilayer by spin 
pumping from a NiFe layer. They detected the inverse Rashba-Edelstein Effect [27–
31]. They concluded that the generation of a charge current is related to the interface of 
Bi/Ag. This effect is the equivalent of the inverse spin Hall effect for the 2D interfacial 
states. The spin-to-charge conversion efficiency would be promising for the future 
spintronics devices [see Figure 1.8] 
 
Figure 1.8 Experimental demonstration of the inverse Rashba-Edelstein effect by the 
method of spin pumping reported by Sanchez et al. [26]. Figure  reprinted from 
Ref. [26] with the permission of Nature Comminications 2013 Springer Nature 
Figure 1.9 is a schematic description of the experiment done by Sanchez et al 
[26]. A spin current Js is injected into the non-magnetic layers with the spin polarization 
axis along y-direction while the sample is in ferromagnetic resonance. The inverse 
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Rashba-Edelstein effect of the Ag/Bi interface can then convert this spin current into a 
charge current along x-direction. 
 
Figure 1.9 Schematic description of the inverse Rashba-Edelstein effect. Injected spin 
current leads to a charge current at the Rashba interface. 
In Figure 1.9, I show the two Fermi contours of Rashba 2D electrons. The 
relation between the 2D spin densities ds± along the z-axis and the 2D charge current 
densities along x-axis is given in Eq. (1.12): 
 s = 
𝑚
2𝑒ℎ𝑘F
𝑗c (1.12) 
where + and - refer to the two Fermi contours, while 𝑘F are their two Fermi radii. The 
splitting between the two radii induced by the Rashba interaction, 
 Δ𝑘 = 𝑘F+−𝑘F− =
2𝑚
ℎ2
R 
(1.13) 
To conclude, the relation between charge current and spin density is given by Eq. (1.14) 
( < 𝑠 > = 𝑠+ + 𝑠−) 
 𝑗c =
𝑒R
ℎ
< 𝑠 > (1.14) 
1.4 Thermoelectric effect 
1.4.1 Seebeck effect 
The Seebeck effect, discovered in 1821 by Thomas Seebeck, refers to the 
generation of an electric current while applying a temperature gradient in a 
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conductor [32,33]. When a conductor is under a temperature gradient, the hot side of 
the material has more electrons above fermi energy (EF) and more holes below EF 
compared with the cold side of the material. Hence both the hot electrons and hot holes 
will diffuse from the hot side to cold side of the material [see Figure 1.10]. Because of 
the difference for the conductivities of the electrons and holes, the electrons and holes 
would not cancel each other, resulting a net charge flow in the material. 
 
Figure 1.10 Schematic illustration of the Seebeck effect.  
The Seebeck effect can be expressed as [32] 
 𝑗c = −𝜎𝑆∇𝑇 (1.15) 
where jc and ∇𝑇 are the thermally induced charge current and temperature gradient, 
respectively. S defined as the Seebeck coefficient. 
1.4.2 Peltier effect 
The Peltier effect, reciprocal effect of Seebeck effect, refers to the generation or 
absorption of a heat current while applying a charge current in a junction of two 
different conductors [34]. 
The Peltier effect can be expressed as  
 𝐐 = 𝑗c (1.16) 
where Q is the induced Peltier heat flux and  is the Peltier coefficient. The relation 
between S and  is given by Onsager reciprocity relation. 
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  = 𝑆𝑇 (1.17) 
For the detection of Peltier effect, we require two materials with different . 
When a charge current flows along the junction, the interface would generate or absorb 
heat depending on the direction of the charge current due to different heat currents in 
materials [see Figure 1.11].  
 
Figure 1.11 Schematic illustration of the Peltier effect.  
The charge and heat transport can be summarized into 
 (
𝑗𝐜
𝐐
) = − (
𝜎 𝜎𝑆
𝜎 
) (
∇𝑉
∇𝑇
) (1.18) 
where represent the interaction between charge and heat currents [35]. 
1.4.3 Anomalous Nernst effect 
In ferromagnetic conductors, an anomalous Nernst effect (ANE) induce a 
voltage when a temperature gradient is applied [36–40]. The induced voltage depends 
on both the magnetization (M) and temperature gradient (T). 
 ∇𝑉ANE = 𝑆ANE(𝐦 × ∇𝑇) (1.19) 
where SANE is the anomalous Nernst coefficient and m is the unit vector of M [see 
Figure 1.12]. 
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Figure 1.12 Schematic illustration of the anomalous Nernst effect.  
1.4.4 Anomalous Ettingshausen effect 
The anomalous Ettingshausen effect (AEE) is the reciprocal effect of ANE [41–
43]. It refers to a heat current induction by an applied charge current in ferromagnetic 
conductors. Although the AEE is known for a long time, the report of observation is 
limited to few studies. Recently, Seki et al. systematically investigated the AEE in an 
FePt thin film by using lock-in thermography method [44,45]. The AEE can be 
expresses as  
 ∇𝑇AEE =
𝜎
𝜅
AEE(𝐦 × ∇𝑉) (1.20) 
where AEE is the anomalous Ettingshausen coefficient and m is the unit vector of 
magnetization. As shown in Figure 1.13, the AEE was investigated for the 
magnetization configuration both under the in-plane magnetized (IM) and 
perpendicularly magnetized (PM). The thermal images show that the sign of the 
temperature modulation is reserved by reversing the direction of charge current and 
magnetic field along the y-direction, however, the magnitude of amplitude is almost 
constant. In the region of x-direction, temperature modulation was not observed. The 
result is consistent with the symmetry of AAE in the Eq. (1.20). 
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Figure 1.13 Experimental demonstration of the anomalous Ettingshausen effect by 
Seki et al. [45]. Figure reprinted by permission from Ref. [45]  2018 IOP Publishing 
Ltd. 
 Moreover, Seki et al. also discussed the reciprocity between ANE and AEE for 
the FePt thin film [45]. They have systematically measured the ANE and AEE for the 
same sample. The reciprocity relation is given by the following expression: 
 AEE = 𝑆ANE𝑇 (1.21) 
In their study, there is a non-negligible difference between measured and calculated 
AEE, nevertheless it was explained by the symmetry of crystal structure and anisotropy 
of thermal conductivity in the FePt [45].  
1.5 Thermo-spin effect 
1.5.1 Spin Seebeck effect 
The SSE refers to the generation of spin current as a result of a temperature 
gradient in ferromagnetic or ferrimagnetic materials [46–53]. When a conductor 
attached to the magnetic material, the spin current is injected to the conductor. The SSE 
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appears not only in ferromagnetic metals and semiconductors but also in ferrimagnetic 
insulators [53]. So, it allows us to construct thermoelectric generators using insulators. 
The SSE has two different measurement configurations: Transverse spin 
Seebeck effect and longitudinal spin Seebeck effect [see Figure 1.14]. 
 
Figure 1.14(a) Schematic illustration of the transverse and (b) the longitudinal 
configuration of the spin Seebeck effect. Figure reprinted from ref  [51]  2014 IOP 
Publishing Ltd 
In the transverse SSE configuration, the temperature gradient is applied in the 
film plane direction, whereas in the longitudinal configuration, it is applied 
perpendicular to the film plane direction. In the longitudinal configuration, magnetic 
insulator is preferred, because in metallic ferromagnets the SSE contribution is 
contaminated with the anomalous Nernst effect [54]. In this research, the longitudinal 
configuration has been used. 
The SSE is explained by a scattering theory developed by Xiao or by a linear 
response theory proposed by Adachi [3,55]. In a solid, electrons and phonons are 
strongly coupled each other, however spins are less coupled to the electrons and 
phonons. Thus, the electron and phonon temperatures are equal. Let’s consider a system 
where a temperature difference is applied across the magnetic layer/non-magnetic layer 
interface. Also, the non-magnetic layer has a higher temperature than the magnetic layer. 
In this condition, a spin current is appeared due to the thermal fluctuations of the 
magnetic moments in magnetic material. Also, due to the Johnson-Nyquist noise a spin 
current appears in non-magnetic material layer. Here, the magnon temperature in 
magnetic material layer is lower than the electron temperature in non-magnetic material 
layer. As a result, a spin current is injected from the non-magnetic layer into the 
magnetic layer. Importantly, the direction of the spin current is reversed, when the 
direction of the temperature gradient is reversed. This method is appropriate both for 
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metallic and insulating ferromagnet. The magnitude of the SSE-induced spin current is 
given by [3]: 
 𝐼s
SSE =
ℎ𝛾
2𝜋
𝑔↑↓
𝑀𝑠𝑉
𝑘B(𝑇m − 𝑇e) 
(1.22) 
where 𝑔↑↓ is the spin mixing conductance, V is the volume, 𝑇m  is the magnon 
temperature and 𝑇e is the electron temperature. 
1.5.2 Spin-dependent Seebeck effect 
In magnetic materials, the density of states (DOS) at fermi level has different 
features for up-spin and down-spin electrons. This difference separately provides the 
spin-dependent Seebeck coefficients S and S. Thus, it allows us to create a spin 
current in the condition that S  S at magnetic materials. The spin-dependent Seebeck 
effect was first observed by Slachter using a non-local spin-valve structure [56]. In their 
study, they applied a temperature gradient (via Joule heating by applying a charge 
current on the magnetic material) on a magnetic material which produces a spin current 
that is proportional to S - S. This spin current can be injected into a non-magnetic 
material and detected electrically with another magnetic material [Figure 1.15]. 
In 2014, Hu et al. investigated the spin-dependent Seebeck effect in a different 
material [see Figure 1.16]. They claimed that CoFeAl material shows much larger spin-
dependent Seebeck coefficient that that of permalloy (Py) due to the a large difference 
in the DOS between up-spin and down-spin electrons [57]. 
 
Figure 1.15 Experimental demonstration of the spin-dependent Seebeck effect by 
Slachter et al. [56]. Figure reproduced from Ref. [56]  2010 Springer Nature. 
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Figure 1.16 Experimental demonstration of the spin-dependent Seebeck effect by Hu 
et al. [57]. Figure reproduced from Ref. [57]  2014 Creative Commons Attribution 
3.0 Unported License. 
1.5.3 Spin Peltier effect  
Spin Peltier effect (SPE), the Onsager reciprocity of SSE, refers to the heating 
or cooling of magnon systems in a magnetic material by a spin accumulation in non-
magnetic material which is attached to the magnetic materials. Flipse et al. reported the 
first observation of the SPE using a Pt/YIG sample structure [58]. The spin 
accumulation in Pt layer was created by spin Hall effect by applying a charge current. 
The temperature modulation on YIG surface due to SPE was detected by using micro-
fabricated thermopile sensors consisting several thermocouples [Figure 1.17].  
 
Figure 1.17 (a) Experimental demonstration of the spin Peltier effect by Flipse et 
al. [58]. Figure reproduced from Ref. [58]  2014 APS. 
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Recently, Daimon et al. investigated the SPE by means of lock-in 
thermography [59,60]. They revealed that the distribution of the SPE-induced 
temperature modulation confined only in the vicinity of the metal/insulator interface 
[Figure 1.18] [59,61]. Also, the magnitude of the temperature modulation measured via 
lock-in thermography was obtained one order magnitude greater than that the measured 
via using micro-fabricated thermopile sensors consisting several thermocouples [58,59]. 
 
Figure 1.18 (a) Experimental demonstration of the spin Peltier effect by Daimon et 
al. [59]. Figure reproduced from Ref. [59]  2016 Springer Nature. 
1.5.4 Spin-dependent Peltier effect 
The spin-dependent Peltier effect, the Onsager reciprocal of the spin-dependent 
Seebeck effect, was also reported by Flipse et al. in 2012 using ferromagnetic 
metal/non-magnetic metal/ferromagnetic metal pillar structure [62]. By employing a 
nanoscale thermocouple, they demonstrated that when changing the directions of 
magnetization from parallel to antiparalel configurations, the temperature drop across 
the pillar is altered [Figure 1.19]. 
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Figure 1.19 (a) Experimental demonstration of the-spin dependent Peltier effect by 
Flipse et al. [62]. Figure reproduced from Ref. [62]  2012 Springer Nature. 
1.6 Thermoelectric generation based on spin Seebeck effect 
 Generating electricity from the thermal energy is a particularly promising 
candidate which is called thermoelectric conversion. In this section, I show a concept 
of thermoelectric based on the spin Seebeck effect [50]. 
 As well as heat is the most common form of energy, thermoelectric conversion 
allows huge prospect for recovering energy and heat sensing applications. The most 
common thermoelectric conversion is based on the conventional Seebeck effect [Figure 
1.20 (a)]. When a temperature difference is applied across a thermocouple, it generates 
a voltage that is dependent on materials Seebeck coefficients. The generated voltage 
signal can be scaled by n pairs of thermocouples in the thermoelectric structure (V = 
nVTC). Unfortunately, thermoelectric devices based on conventional Seebeck effect 
require costly fabrication. Another limitation of conventional thermoelectric 
conversion is the Wiedemann-Franz law (e = const.) where  is dominated by the 
electronic thermal conductivity e  [32].  
On the other hand, after the observation of spin Seebeck effect, a new method 
can be applied to thermoelectric generation. Kirihara et al demonstrates a spin 
thermoelectric coating which is characterized by a simple film structure, convenient 
scaling capacity and easy fabrication [50]. 
The origin of spin thermoelectric coating is the spin Seebeck effect where spin 
current is driven by temperature gradient. The structure of spin thermoelectric coating 
proposed by Kirihara is quite simple than conventional Seebeck effect [50]. As shown 
in Figure 1.20 (b), the surface of heat source is coated by metallic and magnetic 
insulator films. This coating process does not require patterning steps such as 
photolithography. This is the powerful feature of spin thermoelectric coating. Also, 
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using magnetic insulator provides to overcome the Wiedemann-Franz law. In the spin 
Seebeck effect devices, the heat and charge currents flow in different layers of the 
sample.  is the thermal conductivity of the magnetic material and  is the electrical 
conductivity of metal layer, so  and   are independent of each other at the spin 
Seebeck devices. This feature, avoiding the limit of the Wiedemann-Franz law, allows 
designing a new thermoelectric device in the combination of materials [50]. 
 
Figure 1.20 Demonstration of the spin thermoelectric coating method. (a) 
Conventional thermoelectric generation method based on the Seebeck effect. (b) Spin 
thermoelectric coating based on the spin Seebeck effect [50]. Figure  reprinted from 
ref [50]  2012 Springer Nature. 
Moreover, the spin thermoelectric coating has a convenient scaling capacity. 
When the coating area becomes larger, the generated voltage signal is readily increased 
because the amount of spin current induced by spin Seebeck effect is increased. 
Following expression is the generated electric field due to the inverse spin hall effect. 
 𝐄ISHE = (𝜃SH𝜌)𝐣s ×
𝐌
|𝑀|
 (1.23) 
where 𝜃SH, 𝜌 and M represent the spin Hall angle, resistivity of the metal film and 
magnetization vector of magnetic material. The spin Seebeck effect induced electric 
field is integrated into the thermoelectric voltage. 
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 𝑉 = 𝐸ISHE𝑙 (1.24) 
where l is the length of sample. From Eq. 1.24, it is easily seen that larger l leads to 
larger V. The internal resistance of the spin thermoelectric coating is 
 𝑅0 =
𝜌𝑙
𝑤𝑡metal
 (1.25) 
where w and 𝑡metal represent width and thickness of metal layer. Finally, electric power 
is proportional to the area of the spin thermoelectric coating 
 𝑃𝑚𝑎𝑥
𝑉2
𝑅0
= 𝑙𝑤 (1.26) 
This scaling feature allows overcoming a simple structure large area thermoelectric 
function various shape heat source. Furthermore; through the relations between spin 
current and phonons, the thermal energy inside the heat source can completely 
contribute to the thin film based thermoelectric conversion. As a result, all these 
features propose applicable thermoelectric conversion from various objects by coating 
method. 
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Chapter 2 
2 Sample preparation and measurement methods 
In this chapter, I describe the sample preparation, characterization and measurement 
methods.  
2.1 Sample preparation and characterization 
In this thesis, I used various sample systems to understand the mechanism of 
spin-heat interconversion phenomena in paramagnet/ferromagnet junctions and 
develop techniques for realizing thermoelectric generation based on SSE and heat 
control technique based on SPE and SdPE. 
2.1.1 Bi2O3/Cu/YIG sample system 
The single-crystalline yttrium-iron-garnet (YIG) layer with the thickness of 112 
m was grown on a single-crystalline Gd3Ga5O12 (GGG) substrate with the thickness 
of 0.4 mm by a liquid-phase-epitaxy method. The Cu and Bi2O3 layers were fabricated 
on YIG layer by electron-beam evaporation in a high vacuum of about 10-6 Pa. The 
Bi2O3/Cu bilayer film was patterned into 5 strips with 5-mm length and 0.3-mm width 
by photolithography and lift-off methods to prepare 5 samples with different Cu 
thicknesses on the same YIG/GGG substrate [see Figure 2.1]. The thickness of the Cu 
layer is changed from tCu = 33 nm to 42 nm by using a linear shutter system, while the 
thickness of the Bi2O3 layer is fixed at 20 nm. To obtain good electrical contacts to the 
Cu layer, two Au(200 nm)/Ti(5 nm) electrodes were fabricated at the ends of the 
Bi2O3/Cu strips. 
32 
 
Figure 2.1 Schematic illustration of the Bi2O3/Cu/YIG sample. 
After fabricating the sample, we evaluated the surface roughness by an atomic 
force microscope. In Figure 2.2, we show an atomic force microscopy image and cross-
sectional profile of the Bi2O3 layer of the Bi2O3/Cu/YIG sample. The peak-to-valley 
height of the Bi2O3 layer was observed to be ~4 nm.  
 
Figure 2.2 An atomic force microscopy image and cross-sectional profile of the 
Bi2O3(20 nm)/Cu(tCu = 33 nm)/YIG(112 µm) sample. 
Furthermore, we also fabricated control samples with same photolithography 
and lift-off methods. The first one is a Cu/YIG system without Bi2O3 layer. The other 
one is an Al2O3/Cu/YIG system in which the Bi2O3 layer replaced with Al2O3 film with 
the thickness of 20 nm. 
2.1.2 Pt/Ni0.2Zn0.3Fe2.5O4 sample system 
The Ni0.2Zn0.3Fe2.5O4 spinel ferrite was fabricated on the glass substrate. During 
the fabrication vacuum process is not needed. Two solutions were separately prepared. 
Reaction solution which was included Fe2+, Nin+ and Znn+ was absorbed on the surface 
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mediated by OH groups and released H+. Oxidizing reagent which was included NaNO2 
again oxidized the surface to Fe3+. As a results surface was again in condition to absorb 
reaction solution. This repeat process caused formatting the Ni0.2Zn0.3Fe2.5O4 spinel 
ferrite film. Fabrication temperature was fixed 90°C and plate spin at 205 rpm. The 
reaction and oxidizing solutions were simultaneously sprayed onto spinning glass 
substrate. The solutions were sprayed 20 minutes to obtain intended 100 nm thick 
Ni0.2Zn0.3Fe2.5O4 spinel ferrite thin films. Then, a Pt thin film was grown by the method 
of sputtering. The growth rate of the Pt thin film was about 0.4 angstrom/sec and the 
pressure was controlled to about 4 x10-3 Torr. The thickness of Platinum layer is 8 nm 
[see Figure 2.3]. 
 
Figure 2.3 Schematic illustration of the Pt/Ni0.2Zn0.3Fe2.5O4 sample. 
After fabricating the sample, we evaluated the surface roughness by an atomic 
force microscope. In Figure 2.4, we show an atomic force microscopy image and cross-
sectional profile of the Pt layer of the Pt/Ni0.2Zn0.3Fe2.5O4 sample. The average surface 
roughness and peak-to-valley height of the Pt layer was observed to be ~2 nm and ~15 
nm, respectively.  
 
Figure 2.4 An atomic force microscopy image and cross-sectional profile of the 
Pt/Ni0.2Zn0.3Fe2.5O4 sample. 
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We also evaluated the growth structure by transmission electron microscopy 
(TEM). In Figure 2.5, we show a cross-sectional TEM image of the Pt/Ni0.2Zn0.3Fe2.5O4 
sample. The result shows that the Ni0.2Zn0.3Fe2.5O4 layer has a columnar structure 
aligned perpendicular to the film plane. 
 
Figure 2.5 A cross-sectional TEM image of the Pt/Ni0.2Zn0.3Fe2.5O4 sample. 
2.1.3 Pt/GdIG sample system 
The single-crystalline gadolinium-iron-garnet (GIG) slab was grown by a 
travelling solvent floating zone method. The slab was cut into rectangular shape of 4.6 
× 2.8 × 0.8 mm3. Then, after polishing the 4.6 × 2.8 (111)-surface of GdIG slab, a 5-
nm Pt layer patterned into U-shaped structure with the 0.2-mm linewidth using a 
metallic shadow mask. The U-shaped Pt layer on GdIG slab sample was used for the 
spin Peltier effect measurement. We also fabricated a sample for the spin Seebeck effect 
measurement. This sample consists of a GdIG slab with the length of l = 4.6 mm, width 
of 1.6 mm, and thickness of t = 0.8 mm and 5-nm-thick Pt films deposited on both the 
top and bottom 4.6  1.6 mm2 (111)-polished surfaces of the GdIG [Figure 2.6]. 
 
Figure 2.6 Schematic illustration of the (a) Pt/GdIG sample for the SPE measurement 
and (b)Pt/GdIG/Pt for SSE measurement. 
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2.1.4 Metallic bilayer sample systems 
The ferromagnetic (FM) and paramagnetic (PM) films were grown on heath 
substrates by a sputtering method, respectively. We selected two different FM materials. 
The first one is Co20Fe60B20 (CoFeB). The other one is Ni81Fe19 [permalloy (Py)]. As 
the PM layer, we select Pt, W, and Ta. The thickness of the PM (FM) layer is 10 nm 
(20 nm) except for the samples used for the measurements of the thickness dependence. 
The PM/FM bilayer films were patterned into U-shaped structure using a metallic 
shadow mask, where the line-width of the U-shaped structure is 0.2 mm and the total 
line length of U-shaped structure is ltot = 4.6 mm. Ta(1 nm)/MgO(2 nm) protective 
layers were sputtered on the PM layer to avoid the oxidation. 
 
Figure 2.7 Schematic illustration of metallic bilayer system. 
2.2 Measurement methods 
2.2.1 Spin Seebeck effect measurement 
In this research, we used longitudinal configuration to measure the spin Seebeck 
effect [1,2]. Micro-probing system was used to measure the spin Seebeck effect. The 
sample holder used in the spin Seebeck effect measurement is shown in Figure 2.8. The 
sample was sandwiched between two AlN plates. The upper AlN plate was attached to 
a heat bath and the lower AlN plate was placed on the top surface of a Peltier 
thermoelectric module. Here, the bottom surface of the Peltier module was thermally 
connected to the heat bath. By applying an electric current to the Peltier module, the 
temperature of the lower AlN plate was increased or decreased. So, a temperature 
gradient was generated along the z-direction in the sample. We measured the 
temperature difference between the upper and lower AlN plates with two T-type 
thermocouples. To measure the voltage between the end of the sample, we attached 
tungsten needles to the ends of the sample by using a micro-probing system. An external 
magnetic field H was applied to the sample in the x-direction [3]. 
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Figure 2.8 A photograph of (a) sample holder and schematic illustration of sample 
holder both (b) side view and (c) top view of the measurement system for the 
longitudinal spin Seebeck effect experiments [2]. Figure reprinted from ref [2]  
2014 IOP Publishing Ltd. 
For the temperature dependent measurement of spin Seebeck effetc, we used a 
different method. In this method, we covered the top and bottom surfaces of an 
insulating-slab with the Pt layers, so the Pt layers were electrically insulated from each 
other [4,5]. The Pt layers were used both as thermoelectric voltage detectors and 
temperature sensors. The sample was sandwiched between two sapphire plates as heat 
baths. The temperature gradient was generated along the y-direction by setting the 
temperature of the heath baths of which the temperatures are set using proportional-
integral-derivative temperature controllers. Then, the thermoelectric voltage and 
resistance of Pt layers were measured by a nanovoltmeter and micro-ohm meter. An 
external magnetic field H was applied to the sample in the x-direction [Figure 2.9]. 
 
Figure 2.9 Schematic illustration of the measurement system for the temperature 
dependent spin Seebeck effect experiments. 
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2.2.2 Lock-in thermography 
We used lock-in thermography method to investigate spin-to-heat currents 
conversion. This method is non-contact thermal imaging method and the temperature 
resolution is around 0.1 mK. In lock-in thermography method, a periodic signal is an 
input to the sample, and the same oscillating signal is monitored from the surface of the 
sample via an infrared camera [6,7]. The lock-in amplifier processes the information of 
each pixel. In a lock-in thermography measurement, we can reveal both an amplitude 
and a phase image. The advantage of lock-in thermography is not only its improved 
sensitivity owing to the AC averaging technique but also an improved spatial resolution 
of the image. Owing to the detection wavelength of 3-5 μm, the spatial resolution of 
lock-in thermography is limited to this range. 
 
Figure 2.10 Principle of Lock-in thermography [7]. Figure  reprinted from Ref. [7] 
with the permission of Trans Tech Publications  2001 TRANS TECH 
PUBLICATIONS, LTD. 
We can perform the LIT measurements at atmospheric pressure and at the fixed 
temperatures ranging from T = 280 K to 320 K [8–10]. We keep the base temperature 
of the sample stable using a Peltier thermoelectric module. We apply a rectangularly-
modulated AC charge current, frequency f, and zero offset to the samples. Then, we 
measure the spatial distribution of the infrared radiation, which is thermally emitted 
from the samples, using an infrared camera. In this condition, we obtain the lock-in 
amplitude A and phase ϕ images of the temperature modulation free from the Joule-
heating via Fourier analyses, which provide information on the magnitude and sign of 
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the temperature modulation, respectively. In our system, we have an electromagnet to 
apply magnetic field to the sample [see Figure 2.11].  
 
Figure 2.11 Lock-in thermography system used in this study. Figure reproduced from 
Ref. [8]  2016 Springer Nature. 
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Chapter 3 
3 Spin-current-driven thermoelectric generation 
based on interfacial spin-orbit coupling 
Conversion between charge and spin currents is an essential phenomenon that 
plays an important role in spintronic devices [1]. This phenomenon has been 
demonstrated mostly in metals [2,3] and semiconductors [4,5] possessing large spin-
orbit coupling (SOC). In the spin Hall effect (SHE), a charge current flowing through 
a material generates a transverse spin current polarized perpendicular to the plane 
defined by the charge and spin currents [6]. Its reciprocal effect, the inverse spin Hall 
effect (ISHE), has been widely used to convert a spin current into a charge current, 
enabling electric detection of spin-current phenomena [7–10].  
3.1 Interfacial spin-orbit coupling at Bi2O3/Cu interface 
At surfaces, interfaces, or two dimensional electron gases, another SOC called 
the Rashba-Edelstein effect (REE) appears [11]. Recently, Rojas-Sánchez et al. 
demonstrated the spin-to-charge current conversion based on the reciprocal effect of 
the REE, the inverse Rashba-Edelstein effect (IREE) [12], by using Bi(111)/Ag Rashba 
interfaces. In the IREE, when a spin current polarized along the y direction is injected 
vertically into the Rashba interface (in the x-y plane), the spin-split dispersion curve of 
the interface is shifted along the +kx or –kx axis depending on the spin polarization, 
resulting in the generation of a charge current along the x direction. The IREE has been 
observed in Bi(111)/Ag/Permalloy(Py) trilayer devices by using microwave spin 
pumping as a tool to inject a spin current [12]. After this demonstration, several 
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systematic researches were reported, which provide a crucial piece of information to 
understand the mechanism of the IREE [13–17]. In Ref. [18], the spin-to-charge current 
conversion in Bi2O3/Cu/Py devices has been demonstrated by using the microwave 
spin-pumping method, where Bi2O3 is a non-magnetic band insulator and its Bi atoms 
may generate large electric fields and SOC closed to the interface because of the heavy 
nucleus. This result indicates that the IREE can arise even at insulating oxide/metal 
interfaces; based on the spin-pumping measurements, the spin-to-charge current 
conversion coefficient for the Bi2O3/Cu interface on Py was estimated to be comparable 
to or larger than that for the Bi(111)/Ag interface. 
3.2 Spin Seebeck effect in Bi2O3/Cu/YIG sample system 
The spin Seebeck effect (SSE) is a thermoelectric conversion phenomenon that 
refers to the generation of a spin current as a result of a temperature gradient in magnetic 
materials. When a conductor is attached to a magnetic material, the spin current 
generated by the SSE is injected into the conductor [19–25]. This spin current is then 
converted into an electric field via the SOC in the conductor. The SSE is attracting 
rapidly growing interest in spintronics owing to its potential application to 
thermoelectric conversion [24], and the investigation of the SSE using various 
mechanisms and materials is important for improving the thermoelectric conversion 
efficiency [21,22,25,26]. However, in most of the SSE experiments to date, the spin-to-
charge current conversion based on the bulk SOC, i.e. the ISHE, has been used [23], 
except for the experiments using topological insulators [27]. 
In this chapter, we report the observation of the SSE by means of the interfacial 
SOC using Bi2O3/Cu/yttrium-iron-garnet (YIG) trilayer systems. Here, YIG is one of 
the most widely used materials for spin-current studies since it has a small Gilbert 
damping constant, long spin-wave-propagation length, and high electrical 
resistivity [28]. We select Cu as an interlayer since it has low bulk SOC and long spin-
diffusion length [29]; therefore, in the Bi2O3/Cu/YIG systems, the spin-to-charge 
current conversion is expected to appear only at the Bi2O3/Cu interface, enabling the 
separation of the interfacial SOC from the conventional bulk ISHE. Importantly, since 
both YIG and Bi2O3 are good insulators, the output voltage can be generated only in 
the Cu layer or at the interfaces. 
A schematic illustration of our Bi2O3/Cu/YIG trilayer sample is shown in Figure 
3.1(a). A single-crystalline YIG with the thickness of tYIG = 112 µm was grown on a 
single crystalline Gd3Ga5O12 (GGG) (111) substrate with the thickness of 0.4 mm by a 
liquid-phase-epitaxy method. The lengths along the x and y directions of the YIG/GGG 
substrate are 7 mm and 5 mm, respectively. The Cu and Bi2O3 layers were fabricated 
42 
on YIG by electron-beam evaporation in a high vacuum of about 10-6 Pa. The Bi2O3/Cu 
bilayer film was patterned into 5 strips with 5-mm length and 0.3-mm width by 
photolithography and lift-off methods to prepare 5 samples with different Cu 
thicknesses on the same YIG/GGG substrate. The thickness of the Cu layer is changed 
from tCu = 33 nm to 42 nm by using a linear shutter system, while the thickness of the 
Bi2O3 layer is fixed at 20 nm. To obtain good electrical contacts to the Cu layer, two 
Au(200 nm)/Ti(5 nm) electrodes were fabricated at the ends of the Bi2O3/Cu strips. In 
Figure 3.1(b), we show an atomic force microscopy image and cross-sectional profile 
of the Bi2O3 layer of the Bi2O3/Cu/YIG sample. The peak-to-valley height of the Bi2O3 
layer was observed to be ~4 nm, which is larger than the surface roughness of Pt/YIG 
systems, where typical peak-to-valley height is ~1 nm. The Cu layer on YIG may also 
have surface roughness comparable to that of the Bi2O3 layer; probably due to the 
surface roughness, the electrical resistivity of the Cu films on YIG (6 µΩcm) is greater 
than that on metals (4.5 µΩcm) [18]. Therefore, we fabricated the Cu films with the 
thickness of tCu > 30 nm, much larger than their roughness.  
 
Figure 3.1 (a) A schematic illustration of the SSE in the Bi2O3/Cu/YIG trilayer 
device. A thermally driven spin current (JS) is converted into a charge current (JC) at 
the Bi2O3/Cu interface. M, H, T, and θ represent the magnetization vector of the 
YIG layer (with the magnitude M), magnetic field vector (with the magnitude H), 
temperature gradient, and the angle between H and the x direction in the x-y plane, 
respectively. (b) An atomic force microscopy image and cross-sectional profile of the 
Bi2O3(20 nm)/Cu(tCu = 33 nm)/YIG(112 µm) sample. 
To detect the interfacial spin-to-charge current conversion induced by the SSE 
in the Bi2O3/Cu/YIG samples, we performed thermoelectric voltage measurements in a 
longitudinal configuration [see Figure 3.1 (a)] [21]. Here, when a temperature gradient 
T is applied to the Bi2O3/Cu/YIG sample perpendicular to the interfaces, a spin current 
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is thermally generated in the Cu layer along the T direction. This spin current reaches 
the Bi2O3/Cu interface owing to the long spin-diffusion length of Cu. If the Bi2O3/Cu 
interface exhibits the SOC, the spin current is converted into a charge current. When 
the magnetization of YIG is along the y direction, the charge current is expected to be 
generated along the x direction, which is of the same symmetry as the SSE-induced 
ISHE [see Figure 3.1(a)]. This interfacial spin-to-charge current conversion can be 
detected by measuring electric voltage (SSE voltage) in the Cu layer.  
 
Figure 3.2 (a) The M-H curve, normalized by the saturation magnetization MS, of the 
YIG crystal used in this study, which was measured with a vibrating sample 
magnetometer. (b) H dependence of V in the Bi2O3(20 nm)/Cu(tCu = 33 nm)/YIG(112 
µm) sample at ∆T = 6 K, measured when the H direction was along the y (θ = 90°) 
and x (θ = 0°) directions. T was applied along the +z direction. The inset to (b) 
shows the H dependence of V in the Pt(5 nm)/YIG(112 µm)  sample at ∆T = 6 K, 
measured when the H direction was along the y (θ = 90°) direction. (c) ∆T 
dependence of V in the Bi2O3/Cu/YIG sample at H = +200 Oe and θ = 90°. (d) H 
dependence of V in the Bi2O3/Cu/YIG sample for various values of ∆T at θ = 90°. 
The experimental setup used in this study is similar to that used in conventional 
SSE studies [30]. To apply T along the z direction, the Bi2O3/Cu/YIG samples were 
sandwiched between two AlN heat baths of which the temperatures were stabilized to 
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300 K + ∆T and 300 K. A Peltier thermoelectric module was used to generate the 
temperature difference ∆T, which was measured with two thermocouples. With 
applying T and an external magnetic field H (with the magnitude H) to the samples, 
we measured the voltage V between the Au/Ti electrodes connected to the Cu layers of 
the Bi2O3/Cu/YIG samples. When |H| > 100 Oe, the magnetization of the YIG layer is 
aligned along the H direction [see Figure 3.2(a)].  
Figure 3.2(b) shows V in the Bi2O3/Cu(tCu = 33 nm)/YIG sample as a function 
of H at ∆T = 6 K for θ = 90° and θ = 0°, where θ denotes an angle between H and the x 
direction in the x-y plane [see Figure 3.1(a)]. We found that a clear V signal appears for 
θ = 90°, while it disappears for θ = 0°. The measured V-H curve for θ = 90° clearly 
reflects the magnetization curve of the YIG layer [compare Figures 3.2(a) and 3.2(b)]. 
The magnitude of the V signal is proportional to ∆T and its sign for finite values of ∆T 
is reversed in response to the magnetization reversal of the YIG layer [see Figures 3.2(c) 
and 3.2(d)]. These behaviors are in good agreement with the features of the SSE in the 
longitudinal configuration [20]. Importantly, the V signal observed here is opposite in 
sign to the SSE voltage in the conventional Pt/YIG system [see the inset to Figure 
3.2(b)], which is consistent with the spin-pumping experiments using the Bi2O3/Cu/Py 
devices [18]. Therefore, the SSE voltage in the Bi2O3/Cu/YIG sample cannot be 
explained by the bulk ISHE in Cu since the sign of the spin Hall angle of Cu is shown 
to be the same as that of Pt [31]. 
3.3 Results for Cu/YIG and Al2O3/Cu/YIG sample systems 
To clarify the origin of the SSE voltage in the Bi2O3/Cu/YIG sample, we also 
fabricated two control samples and performed the same measurements using these 
samples. The first sample is a Cu/YIG system without the Bi2O3 layer. We found that 
the SSE voltage disappears in the absence of the Bi2O3 layer [see Figure 3.3(b)], 
confirming that the contribution of the ISHE in the Cu layer is negligibly small due to 
its low bulk SOC. This result also implies that possible contribution of the interfacial 
SOC at the Cu/YIG interface is irrelevant to the observed V signal. The other control 
sample is an Al2O3/Cu/YIG system in which the Bi2O3 layer replaced with an Al2O3 
film with the thickness of 20 nm [see Figure 3.3(c)]. The SSE voltage was found to 
disappear also in the Al2O3/Cu/YIG sample, indicating the important role of the heavy-
element-based oxide in the voltage generation. These observations allow us to conclude 
that the SSE voltage in the Bi2O3/Cu/YIG sample is attributed to the interfacial SOC at 
the Bi2O3/Cu interface. 
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Figure 3.3 H dependence of V in the (a) Bi2O3/Cu/YIG, (b) Cu/YIG, and (c) 
Al2O3/Cu/YIG samples at ∆T = 6 K and θ = 90°. 
3.4 Cu thickness dependence of Bi2O3/Cu/YIG sample system 
We also investigated the SSE voltage in the Bi2O3/Cu/YIG samples with 
changing the thickness of the Cu layer tCu. We found that the magnitude of the V signal 
in the Bi2O3/Cu/YIG samples gradually and monotonically decreases with increasing 
tCu [see Figure 3.4(a)]. In these samples, the resistivity of the Cu layer ρCu slightly 
decreases with increasing tCu, and the tCu dependence of the sheet resistance of the Cu 
layer Rs (= ρCu/tCu) is similar to that of the V signal [see Figure 3.4(b)]. By combining 
the V and Rs data, we estimated the tCu dependence of the charge current IC (= V/Rs) 
generated in the Bi2O3/Cu/YIG samples. Significantly, as shown in Figure 3.4(c), the 
IC values were found to be independent of the thickness of the Cu layer. Since the 
resistivity variation in our Bi2O3/Cu/YIG samples is very small, the tCu dependence of 
IC observed here is consistent with the characteristic of the IREE induced by the spin 
pumping reported in Ref. [18], on the basis that the thickness of the Cu layers is much 
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smaller than the spin-diffusion length and the spin current injected from YIG reaches 
the Bi2O3/Cu interfaces without decaying in the Cu layers. This result supports our 
interpretation that the SSE voltage in the Bi2O3/Cu/YIG samples is due to the SOC near 
the Bi2O3/Cu interface. 
 
Figure 3.4 Cu-thickness tCu dependence of (a) |V|/∆T in the Bi2O3/Cu/YIG samples at 
H = +200 Oe, (b) the resistivity of the Cu layer ρCu, and (c) |IC|/∆T (= V/Rs∆T) at H = 
+200 Oe. The inset to (b) shows the tCu dependence of the sheet resistance of the Cu 
layer Rs (= ρCu/tCu).  
Finally, we mention the magnitude of the SSE voltage in the Bi2O3/Cu/YIG 
samples. As shown in Figure 3.2(b), the SSE voltage in the Bi2O3/Cu/YIG samples is 
three orders of magnitude smaller than that in the conventional Pt/YIG sample. We 
found that this difference in the SSE voltage is greater than that in spin-pumping-
induced voltage between Bi2O3/Cu/Py and Pt/Py samples, indicating that the spin-to-
charge current conversion coefficient for the Bi2O3/Cu interface on YIG is smaller than 
that on Py. The small SSE voltage in the Bi2O3/Cu/YIG sample might be due to the 
rough Bi2O3/Cu interface on YIG, and be enhanced by forming a smooth interface. 
3.5 Summary 
In conclusion, we demonstrated the spin-current-driven thermoelectric 
generation in Bi2O3/Cu/YIG devices. We confirmed that the SSE voltage in the 
Bi2O3/Cu/YIG devices is attributed to the SOC near the Bi2O3/Cu interface, not to the 
conventional bulk ISHE or other artifacts, by comparing the voltage with that in 
Cu/YIG and Al2O3/Cu/YIG devices and by investigating the Cu-thickness dependence. 
Although the magnitude of the SSE voltage induced by the interfacial SOC in the 
Bi2O3/Cu/YIG devices is much smaller than that induced by the ISHE in conventional 
Pt/YIG devices, our results will expand the choice of materials, including noble-metal-
free materials, for SSE-based thermoelectric generation and provide new strategies for 
improving its efficiency, because the interfacial SOC depends on oxide/metal 
combinations. Furthermore, the SSE device based on the interfacial SOC can be 
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potentially tuned by applying an external electric field to the interface [18], which 
cannot be realized in conventional bulk metals; its demonstration is one of the future 
challenges. 
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Chapter 4 
4 Gamma radiation resistance of spin Seebeck 
devices 
Thermoelectric generation is one of the promising energy harvesting 
technologies for waste heat recovery since it enables direct conversion from thermal 
energy to electrical power [1]. Most of thermoelectric generation technologies are based 
on the Seebeck effect, which refers to the generation of an electromotive force in the 
direction parallel to an applied temperature gradient in an electrically conducting 
material [2]. In the field of spintronics, a thermoelectric generation principle based on 
a spin counterpart of the Seebeck effect, called the spin Seebeck effect (SSE), was 
discovered [3–10]. The SSE refers to the generation of a spin current as a result of a 
temperature gradient in a magnetic material. When a conductor is attached to a magnet 
and a temperature gradient is applied across the conductor/magnet interface, a spin 
current induced by the SSE is injected into the conductor and converted into an 
electromotive force via the inverse spin Hall effect (ISHE) [11–14]. Here, the direction 
of the electromotive force induced by the ISHE in the conductor is perpendicular to that 
of the applied temperature gradient, a configuration different from the conventional 
Seebeck effect. 
4.1 Thermoelectric generation using Pt/Ni0.2Zn0.3Fe2.5O4/Glass 
Recently, a concept of thermoelectric generation based on the SSE, called spin-
thermoelectric coating, was proposed [8]. The spin-thermoelectric coating is realized 
by directly coating SSE devices on heat sources by means of highly-productive coating 
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methods and characterized by simple film structure, convenient scaling capability, and 
easy fabrication, providing advantages from conventional π-structured Seebeck devices. 
In 2012, the spin-thermoelectric coating was first demonstrated by a metal-organic 
decomposition (MOD) method [8]. In 2016, flexible SSE-based thermoelectric devices 
have also been demonstrated by using a ferrite plating method, which enables the 
fabrication of ferrimagnetic ferrite thin films without using high temperature 
processes [15]. Furthermore, it enables the coating of ferrite films on a variety of 
surfaces including glass substrates and plastic films. Owing to the above advantages, 
the SSE has attracted attention for potential applications to thermoelectric conversion, 
and various experiments have been performed to improve its efficiency [9,16–18]. 
As possible heat sources for SSE devices, we focus on surfaces of radioactive 
wastes, such as vitrified nuclear wastes, because they continuously generate a huge 
amount of thermal energy over a large area. Importantly, the surface temperature of 
vitrified nuclear wastes is typically lower than 300 °C; we can easily select magnetic 
materials with the Curie temperature higher than this heat-source temperature. By 
coating the surface of vitrified nuclear wastes with SSE devices, thermoelectric power 
can be stably extracted. However, vitrified nuclear wastes emit high energy radiation 
and have uneven or curved surfaces, requiring flexible thermoelectric devices with high 
radiation resistance. Although flexible thermoelectric devices can be constructed based 
on the conventional Seebeck effect in organic materials [19–21], they cannot be applied 
to thermoelectric generation from radioactive heat sources since the chemical structure 
of such materials can be easily changed or decomposed by high energy radiation. In 
contrast, the SSE enables the construction of inorganic flexible thermoelectric 
devices [15], which can be expected to have high radiation resistance. However, the 
radiation resistance of SSE devices is yet to be demonstrated. Although it is known that 
gamma radiation does not influence magnetic materials, the thermoelectric property of 
SSE devices is determined not only by magnetic properties of magnetic materials but 
also by spin-transport properties at the magnet/conductor interfaces and spin-to-charge 
conversion properties of the conductive layer. Therefore, it is worth investigating the 
gamma radiation resistance of the SSE devices. 
In this chapter, we investigated the γ-radiation resistance of the two different 
SSE devices. The first device is a Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample with the 
ferrimagnetic Ni0.2Zn0.3Fe2.5O4 layer fabricated by the ferrite plating method. We 
adopted the ferrite plating method because it has a potential to realize the direct coating 
of the SSE devices on the glass surfaces of vitrified nuclear wastes. The 
Ni0.2Zn0.3Fe2.5O4 film fabricated by the ferrite plating method has a columnar crystal 
structure aligned perpendicular to the film plane [15]. This feature allows the 
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Ni0.2Zn0.3Fe2.5O4 film to be a unique one-dimensional spin conductor suitable for 
curved or uneven surfaces. Furthermore, the ferrite plating method requires neither 
vacuum nor high temperature processes. All these features made the ferrite plating 
method advantageous for applications. The other device is a Pt/Bi0.1Y2.9Fe5O12 
(YIG)/Gd3Ga5O12 (GGG) sample, which is one of the most commonly used SSE 
devices [7,10]. These SSE devices were irradiated with γ rays with the dose rate of 
>1200 Gy/h for 10 days at room temperature, where the total dose of the γ-ray 
irradiation is ~3   Gy, in 1st Co-60 Irradiation Facility of Japan Atomic Energy 
Agency.  
4.2 Spin Seebeck effect in Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample system 
A schematic illustration of the Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample is shown in 
Figure 4.1(a). We used a glass substrate with the lengths along the x, y, and z directions 
are 7 mm, 2 mm, and 0.5 mm, respectively. The Ni0.2Zn0.3Fe2.5O4 layer was grown on 
the glass substrate by the ferrite plating method under the condition described in 
Ref. [22], where aqueous reaction solution (FeCl2 + NiCl2 + ZnCl2) and oxidizer 
(NaNO2 + CH3COONH4) were used [23,24]. In this process, the oxidizer reacts with 
the metal chlorides on the surface, forming the Ni0.2Zn0.3Fe2.5O4 film on the glass 
substrate. During the process, the temperature of the substrate was maintained at 
approximately 90 oC. The thickness of the Ni0.2Zn0.3Fe2.5O4 film is ~100 nm. The 15-
nm-thick Pt film was then sputtered on the Ni0.2Zn0.3Fe2.5O4 film. Although the surface 
of the Ni0.2Zn0.3Fe2.5O4 film is rough, the Pt film is continuous in our devices [see 
transmission electron microscopy (TEM) images shown below]. 
To evaluate the thermoelectric property of the Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample, 
we performed SSE measurements in a longitudinal configuration [see Figure 4.1(a)] [4]. 
Here, when a temperature gradient T is applied to the Pt/Ni0.2Zn0.3Fe2.5O4/Glass 
sample along the z direction, a spin current is thermally generated in the Pt layer with 
the spatial direction Js parallel to the T direction and the spin-polarization vector σ 
parallel to the magnetization M of the Ni0.2Zn0.3Fe2.5O4, when electron spins in Pt are 
coupled with local magnetic moments in Ni0.2Zn0.3Fe2.5O4 via the spin-mixing 
conductance. This spin current is converted into an electric field EISHE in the Pt layer 
by the ISHE along the following direction: 
EISHE ∝ Js  σ 
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Figure 4.1 (a) A schematic illustration of the Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample and 
the configuration for the SSE measurements. A thermally driven spin current (Js) is 
converted into an electric field (EISHE) in the Pt layer as a result of the ISHE. M, H, 
and T represent the magnetization vector of the Ni0.2Zn0.3Fe2.5O4 layer (with the 
magnitude M), magnetic field vector (with the magnitude H), and temperature 
gradient, respectively. (b) ∆T dependence of V in the as-prepared 
Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample at H = +400 Oe. (c) H dependence of V in the as-
prepared Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample for various values of ∆T. 
Therefore, when M of the Ni0.2Zn0.3Fe2.5O4 layer is along the y direction, the electric 
voltage (SSE voltage) is generated along the x direction. The experimental setup used 
in this study is similar to that described in Ref. [25]. To apply ∇T along the z direction, 
the Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample was sandwiched between two AlN heat baths of 
which the temperatures were stabilized to 300 K + ∆T and 300 K. A Peltier 
thermoelectric module was used to generate the temperature difference ∆T, which was 
measured with two thermocouples. Under this condition, we measured the voltage V 
between the ends of the Pt layer with applying an external magnetic field H (with the 
magnitude H) along the y direction to the sample. We compared the SSE signals in the 
two Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples with and without the γ-ray irradiation, where 
both the samples were prepared at the same time.  
 Figures 4.1(b) and 4.1(c) respectively show the V signals in the as-prepared 
Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample as functions of ∆T and H, measured before the γ-ray 
irradiation. We found that the Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample exhibits clear V 
signals; the magnitude of V is proportional to ∆T and its sign for finite values of ∆T is 
reversed in response to the magnetization reversal of the Ni0.2Zn0.3Fe2.5O4 layer. These 
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behaviors are in good agreement with the features of the SSE in the longitudinal 
configuration [4]. These results demonstrate applying the ferrite plating method to 
fabricate the SSE device on a glass substrate.  
4.3 Effect of gamma radiation on spin Seebeck effect in 
Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample system 
In Figure 4.2(a) [4.2(b)], we compare the H (∆T) dependence of the SSE voltage 
between the as-prepared and γ-ray-irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples. These 
results show that the γ-ray-irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample also exhibits the 
features of the SSE, but the magnitude of the SSE voltage is slightly decreased by ~10%.  
However, we found that this signal reduction is attributed to the difference in the sample 
resistance between the two Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples, which might be due to 
the effect of the γ-ray irradiation on the glass substrate, not the SSE device itself. In 
fact, the V signals normalized by the sheet resistance (RS), which represent the charge 
currents generated by the SSE, in the as-prepared and γ-ray-irradiated samples are 
almost the same as each other [see Figure 4.2(c) and 4.2(d)]. These results indicate that 
the γ-ray exposure did not affect the thermoelectric performance of the 
Pt/Ni0.2Zn0.3Fe2.5O4/Glass SSE devices. We also checked that the spin Hall 
magnetoresistance (SMR) [26–30] in the Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples is not 
changed by the γ-ray irradiation [see Figure 4.2(f)]; this result supports the 
interpretation that the spin Hall angle in the Pt layer and the spin-mixing conductance 
at the Pt/Ni0.2Zn0.3Fe2.5O4 interface are not affected, since the SMR signal is determined 
mainly by these parameters [26]. 
55 
 
Figure 4.2 Comparison of (a) the H dependence of V at ∆T = 10 K, (b) ∆T 
dependence of V at H = +400 Oe, (c) H dependence of V/RS at ∆T = 10 K, (d) ∆T 
dependence of V/RS at H = +400 Oe, (e) the M-H curves normalized by the saturation 
magnetization MS, and (f) H dependence of the magnetoresistance ratio MR between 
the as-prepared and γ-ray-irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples. RS denotes the 
sheet resistance of the Pt layer. The M-H curves were measured with a vibrating 
sample magnetometer. 
4.4 Magnetic and structural properties of as-prepared and gamma 
irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample systems 
To further confirm the γ-radiation resistance of the SSE devices, we compared 
the magnetic and structural properties between the as-prepared and γ-ray-irradiated 
Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples. In Figure 4.2(e), we show the magnetization curve 
(M-H curve) of the samples at room temperature. The result shows that the shape of the 
M-H curves is almost the same as that of the V-H curves in the SSE measurements for 
both the samples and is not affected by the γ-ray irradiation [compare Figures 4.2(a) 
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and 4.2(e)]. We also observed surface and cross-sectional images of the 
Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples by means of atomic force microscopy (AFM) and 
TEM, respectively, to investigate the effect of the γ-ray exposure on the sample 
structure. 
 
Figure 4.3 (a) The AFM images and (b) cross-sectional TEM images of the as-
prepared and γ-ray-irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples. 
 In Figure 4.3(a), we show the AFM images and surface profiles of the Pt layer 
of the as-prepared and γ-ray-irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples. The average 
surface roughness and peak-to-valley height of the Pt layer were observed to be ~2 nm 
and ~15 nm, respectively, for both the samples. The cross-sectional TEM images, in 
Figure 4.3(b), show that the Ni0.2Zn0.3Fe2.5O4 layer has columnar structure aligned 
perpendicular to the film plane, similar to the samples used in the previous 
experiments [15], and the structure is not damaged by γ rays. These experiments show 
that the as-prepared and γ-ray-irradiated Pt/Ni0.2Zn0.3Fe2.5O4/Glass samples are almost 
the same. We confirmed this conclusion by performing the same experiments using 
Pt/Ni0.2Zn0.3Fe2.5O4 films formed on four different glass substrates with different 
compositions. 
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4.5 Results for as-prepared and gamma irradiated Pt/YIG sample 
system 
The above experiments suggest that the ferrite plating method enables the 
construction of γ-ray-resistant SSE devices. Next we investigate whether or not the 
standard SSE device, i.e. the Pt/YIG/GGG sample, has γ-radiation resistance. We 
prepared the two Pt/YIG/GGG samples (see the caption of Figure 4.4 for details) and 
one of them was irradiated with γ rays, where the total dose and dose rate of the γ-ray 
irradiation are the same as those for the Pt/Ni0.2Zn0.3Fe2.5O4/Glass sample. In Figure 4.4, 
we show the H dependence of V and V/RS in the as-prepared and γ-ray-irradiated 
Pt/YIG/GGG samples in the longitudinal configuration. We found that the SSE signals 
are not affected by the γ-ray irradiation also in the Pt/YIG/GGG samples. 
 
Figure 4.4 H dependence of (a) V and (b) V/RS at ∆T = 10 K in the as-prepared and γ-
ray-irradiated Pt/YIG/GGG samples. The Pt/YIG/GGG sample consists of a Pt film 
formed on an YIG/GGG substrate. A single-crystalline YIG with the thickness of tYIG 
= 112 µm was grown on a single-crystalline GGG (111) substrate with the thickness 
of 0.4 mm by a liquid-phase-epitaxy method, where the lengths along the x and y 
directions of the YIG/GGG substrate are 7 mm and 2 mm, respectively. A 5-nm-thick 
Pt film was then sputtered on the whole surface of the YIG. 
4.6 Summary 
In conclusion, we demonstrated the γ-radiation resistance of the thermoelectric 
devices based on the SSE by using the Pt/Ni0.2Zn0.3Fe2.5O4/Glass and Pt/YIG/GGG 
samples. We confirmed that thermoelectric, magnetic, and structural properties of the 
SSE devices are not changed by the γ-ray irradiation with the total dose of around 3 
  Gy. Our results show that the SSE devices can be potentially used as 
thermoelectric generators in high radiation environments. Furthermore, the SSE 
devices fabricated by the ferrite plating method can be formed on glass surfaces, 
allowing vitrified nuclear wastes to be used as heat sources for spin-current-driven 
thermoelectric conversion. Although we focus only on the SSE in Pt/ferrimagnetic 
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insulator junction systems, the anomalous Nernst effect (ANE) in ferromagnetic 
conductors can also be applied to the thermoelectric generation from radioactive wastes, 
because the symmetry of the ANE is similar to that of the SSE [7,10]; the hybrid 
thermoelectric generation based on the combination of the SSE and ANE may be useful 
for this application. 
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Chapter 5 
5 Spin Peltier effect in a compensated 
ferrimagnet and its comparison to spin Seebeck 
effect 
The spin Seebeck effect (SSE), the generation of a spin current as a result of a 
temperature gradient in a magnetic material, triggered intense research on spin 
caloritronics [1–8]. By attaching a conductor to the magnetic material, the spin current 
induced by the SSE can be detected by means of the inverse spin Hall effect (ISHE) [9–
12]. Most SSE experiments to date have been performed by using Pt/yttrium-iron-
garnet (YIG) hybrid systems [4–6,13–16], and this phenomenon is explained in terms 
of non-equilibrium thermal magnon transport [17–20]. Recently, the SSE has been 
observed also in a magnetically-compensated ferrimagnetic insulator, gadolinium iron 
garnet (GdIG) [21,22]. In the temperature dependence of the SSE for Pt/GdIG systems, 
two sign changes of the SSE signal have been observed at the magnetization 
compensation temperature of GdIG and at the temperature where the heat-to-spin 
current conversion efficiency from different magnon branches competes with each 
other [21–23]. This result demonstrates that the SSE in a compensated ferrimagnetic 
insulator is sensitive to the magnon dispersion relation. 
5.1 Spin Peltier effect at Pt/GdIG  
The spin Peltier effect (SPE), the reciprocal effect of the SSE, refers to the heat-
current generation as a result of a spin current flowing across the conductor/magnetic-
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material interface [24,25]. The SPE is typically excited by the spin Hall effect 
(SHE) [26–30]; when a charge current is applied to the conductor, a spin current is 
generated across the conductor/magnetic-material interface via the spin-orbit 
interaction. This spin current induces a heat current and thus a measurable temperature 
change near the interface due to the SPE. Since the SPE appears in magnetic insulators, 
its physics is discussed also in terms of non-equilibrium magnon excitation in the same 
manner as the SSE. However, the research report on the SPE is limited to a few studies 
so far, where only YIG and Fe3O4 are used as the magnetic material [24,25,31–33]. To 
clarify the mechanism and behavior of the SPE, more systematic experimental studies 
using various magnetic materials are necessary.  
In this chapter, we report the observation of the SPE in a Pt-film/GdIG-slab 
hybrid system by means of the lock-in thermography (LIT) method [34,35]. The LIT is 
a versatile method for measuring the SPE, allowing the imaging of the temperature 
modulation induced by the spin-current injection with high temperature resolution 
(<0.1 mK) and spatial resolution (<10 m) [25,31,32]. To investigate the behavior of 
the SPE around the magnetization compensation temperature Tcomp of GdIG (~288 
K) [36], we performed the LIT-based SPE measurements at the temperatures ranging 
from 281 K to 300 K, although our previous SPE experiments were limited to room 
temperature [25,31,32]. As expected from the temperature dependence of the SSE in 
Pt/GdIG systems, we clearly observed the sign change of the SPE signals around Tcomp. 
We have compared the temperature dependence of the SPE with that of the SSE by 
using the GdIG slabs taken from the same specimen, which provides a support for 
demonstrating the reciprocity between the SPE and SSE.  
The sample system used in this study consists of a Pt film formed on a single-
crystalline GdIG slab. The GdIG crystal was grown by the travelling solvent floating 
zone method, and cut into the rectangular shape of 4.6  2.8  0.8 mm3. A 5-nm-thick 
Pt layer was sputtered on the polished 4.6  2.8 mm2 (111)-surface of the GdIG and 
patterned into U-shaped structure with the 0.2-mm linewidth using a metallic shadow 
mask (see Figure 5.1(a)).  
The combination of the LIT method and the U-shaped structure enables the 
smart demonstration of the SHE-induced SPE and its symmetry. To detect the SPE 
signal in the Pt/GdIG sample, we performed the LIT measurements at atmospheric 
pressure and at the fixed temperatures ranging from T = 281 K to 300 K. Here, we keep 
the base temperature of the sample stable using a Peltier thermoelectric module. We 
coated the surface of the sample with insulating black ink to enhance infrared emissivity. 
To excite the SPE via the SHE, we applied a rectangularly-modulated AC charge 
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current Jc with the amplitude Jc, frequency f, and zero offset to the U-shaped Pt layer. 
Then, we measured the spatial distribution of the infrared radiation, which is thermally 
emitted from the surface of the Pt/GdIG sample, using an infrared camera. In this 
condition, we obtained the lock-in amplitude A and phase ϕ images of the SPE signal 
free from the Joule-heating via Fourier analyses (see Figure 5.1(b)), which provide 
information on the magnitude and sign of the SPE signals, respectively [25,31,32]. 
During the LIT measurements, we fixed the lock-in frequency at f = 5.0 Hz, except for 
the measurements of the f dependence. To saturate the magnetization M of the GdIG 
slab along the magnetic field H, we applied an in-plane magnetic field H of 2.1 kOe 
along the x direction while measuring the SPE. To extract the pure SPE contribution, 
which reverses sign by reversing H, we calculated the Aodd and ϕodd images showing the 
distribution of the current-induced temperature modulation with the H-odd dependence. 
Here, the Aodd and ϕodd images are obtained by subtracting the LIT images at H = -2.1 
kOe from those at H = +2.1 kOe and dividing the subtracted images by 2. Owing to the 
U-shaped structure of the Pt layer, we can confirm the symmetry of the SPE 
simultaneously because the relative orientation of Jc and M is different between the 
areas L, R, and C. When M aligns along the x direction, Jc ⊥ M ( || M ) on L and R 
and Jc || M ( ⊥ M) on C (see Figure 5.1(a)), where  is the spin-polarization vector of 
the spin current generated by the SHE. As demonstrated in Refs. [25,32], the 
temperature modulation induced by the SPE appears on L and R, while it disappears on 
C. Since the Jc and  directions on L are opposite to those on R, the sign of the resultant 
SPE signals is reversed between L and R.  
In Figures 5.1(c) and 5.1(d), we respectively show the Aodd and ϕodd images for 
the Pt/GdIG sample at Jc = 4.9 mA, |H| = 2.1 kOe, and T = 300 K, which is higher than 
the magnetization compensation temperature of GdIG (T > Tcomp). We found that a clear 
temperature modulation with the comparable Aodd values appears on L and R, while it 
disappears on C, consistent with the symmetry of the SHE-induced SPE. We also 
observed ϕodd ~ 0° on L (ϕodd ~ 180° on R), showing that the input charge current and 
the output temperature modulation oscillate with the same (opposite) phase on L (R) in 
the Pt/GdIG sample. This phase shift is attributed to the sign reversal of the temperature 
modulation on the Pt/GdIG surface depending on the Jc direction because the time delay 
caused by the thermal diffusion is irrelevant to the phase shift (note that the heat-
conduction condition is the same between L and R)  [25,32].  
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Figure 5.1 (a) A schematic illustration of the sample system comprising the U-shaped 
Pt film and the GdIG slab and the SPE induced by the SHE. M, H, Jc, and Js denote 
the magnetization vector of the GdIG, the magnetic field vector with the magnitude 
H, charge current applied to the Pt layer, and spatial direction of the spin current with 
the spin-polarization vector σ generated by the SHE in the Pt layer, respectively. ∇T 
represents the temperature gradient induced by the SPE. The black squares in the left-
side illustration define the areas L, R, and C on the sample surface. (b) Temperature 
change in response to the rectangularly-modulated AC charge current during the lock-
in thermography (LIT) measurements. Jc and f are the amplitude and frequency of the 
AC charge current applied to the Pt layer. (c) Aodd and (d) ϕodd images for the Pt/GdIG 
sample at Jc = 4.9 mA, |H| = 2.1 kOe, f = 5.0 Hz, and T = 300 K, where Aodd (ϕodd) 
denotes the lock-in amplitude (phase) of the temperature modulation with the H-odd 
dependence. 
To confirm the origin of the observed temperature modulation, we performed 
systematic measurements. In Figures 5.2(a) and 5.2(b), we show the Jc dependence of 
Aodd and ϕodd for the Pt/GdIG sample at |H| = 2.1 kOe and T = 300 K. We found that the 
magnitude of the temperature modulation is proportional to Jc, in agreement with the 
characteristic of the SPE. The value of Aodd/jc with the charge-current density jc for the 
Pt/GdIG sample is estimated to be 1.4  10-13 Km2A-1 at T = 300 K, which is in the 
same order of the SPE signals in Pt/YIG systems [25]. We also measured the 
temperature modulation with varying the lock-in frequency f and found that the signal 
is nearly independent of f (see Figures 5.2(c) and 5.2(d)). This is one of the unique 
features of the SPE, where the spin-current-induced temperature modulation 
immediately reaches the steady state due to its spatially-confined distribution [25,32]. 
We checked that the sign of the temperature modulation in the Pt/GdIG sample is the 
same as that of the SPE signals in the Pt/YIG systems above the magnetization 
compensation temperature of GdIG, consistent with the SSE experiments [25]. All the 
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experimental results shown here allow us to conclude that the observed temperature 
modulates in the Pt/GdIG sample originates from the SPE.  
 
Figure 5.2 Jc dependence of Aodd (a) and ϕodd (b) on the areas L, R, and C for the 
Pt/GdIG sample at |H| = 2.1 kOe, f = 5.0 Hz, and T = 300 K. The ϕodd data for C are 
not shown in (b) because the lock-in phase does not converge to a specific value when 
the signal amplitude is smaller than the sensitivity of the LIT. f dependence of Aodd (c) 
and ϕodd (d) on L and R for the Pt/GdIG sample at Jc = 4.9 mA, |H| = 2.1 kOe, and T = 
300 K. 
5.2 Temperature dependence of spin Peltier effect at Pt/GdIG sample 
system 
Next, we show the T dependence of the SPE signals using the same Pt/GdIG 
sample. We observed clear SPE signals in the whole temperature range. Significantly, 
we detected a sign reversal of the temperature modulation, i.e., a 180° shift in ϕodd, 
around T = 286 K in the Pt/GdIG sample (see Figures 5.3(a) and 5.3(b)). As shown in 
Figures 5.3(c) and 5.3(d), the sign reversal of the SPE signals appears around the 
magnetization compensation temperature Tcomp = 288 K of the GdIG slab. Figure 3(e) 
shows ΔTSPE as a function of T for the Pt/GdIG sample at Jc = 4.9 mA and |H| = 2.1 
kOe detected on the area L, where ΔTSPE is the projection of Aodd(cosϕodd+isinϕodd) on 
the real axis, showing the temperature modulation with the sign information. We found 
that the SPE signal exhibits weak temperature dependence when T > Tcomp and its sign 
is sharply reversed across Tcomp. This behavior is similar to the T dependence of the 
sublattice magnetization of GdIG [37]. In fact, we observed domain structures in the 
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LIT images at T = 286 K, showing the reorientation of the sublattice magnetizations of 
GdIG (see Figures 5.3(a) and 5.3(b)). 
 
Figure 5.3 Aodd (a) and ϕodd (b) images for the Pt/GdIG sample at Jc = 4.9 mA, |H| = 
2.1 kOe, and f = 5.0 Hz for various values of T. T dependence of Aodd (c) and ϕodd (d) 
on the areas L and R for the Pt/GdIG sample at Jc = 4.9 mA, |H| = 2.1 kOe, and f = 5.0 
Hz. TComp = 288 K is the magnetization compensation temperature of the GdIG slab. 
(e) T dependence of ΔTSPE on L for the Pt/GdIG sample at Jc = 4.9 mA, |H| = 2.1 kOe, 
and f = 5.0 Hz. 
5.3 Spin Seebeck effect at Pt/GdIG/Pt sample system 
To compare the T dependence of the SPE in the Pt/GdIG sample with that of 
the SSE, we measured the SSE using the experimental method described in Ref. [38]. 
This method enables quantitative measurements of the T dependence of the SSE 
thermopower free from thermal artifacts, which is realized by directly monitoring the 
temperature difference in the GdIG slab via the T dependence of the resistance of the 
Pt layers formed on both the top and bottom surfaces of the slab. The sample system 
used for measuring the SSE consists of a GdIG slab with the length of l = 4.6 mm, width 
of 1.6 mm, and thickness of t = 0.8 mm and 5-nm-thick Pt films deposited on both the 
top and bottom 4.6  1.6 mm2 (111)-surfaces of the GdIG. The GdIG slabs used for the 
SPE and SSE measurements were taken from the same specimen. The electric voltage 
V and resistance between the ends of the Pt layers were measured using multimeters. 
Here, the SSE thermopower is defined as SSSE = tVSSE/(lΔT) with the SSE voltage VSSE 
= [V(+H) − V(−H)]/2, where V(+H) [V(−H)] is obtained by averaging the V values in 
the range of +3.3 kOe < H < +5.1 kOe (−3.3 kOe > H > −5.1 kOe) [38]. At the same 
time as the SSE measurements, we measured the thermal conductivity GdIG of the 
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GdIG slab by the steady-state method [38]. Figure 5.4(a) shows the T dependence of 
SSSE for the top Pt layer of the Pt/GdIG/Pt sample. Except for the low-temperature 
behavior with the sharp peak structure, the obtained T dependence of SSSE is 
qualitatively consistent with the previous results using Pt/GdIG thin film 
heterostructures [21]; we observed two sign changes of SSSE around T = 287 K and T = 
71 K. The sign of SSSE in the Pt/GdIG/Pt system is the same as that for the Pt/YIG/Pt 
systems at T = 300 K [38]. In the inset to Figure 5.4(a), we compare the T dependence 
of SSSE for the top Pt layer of the Pt/GdIG/Pt sample with that of GdIG for the GdIG 
slab. Since we used the single-crystalline GdIG slab, not a thin film, and removed 
thermal artifacts coming from thermal resistance other than the sample itself, such as 
thermal grease layers, we observed the concomitant enhancement of SSSE and GdIG in 
the Pt/GdIG/Pt system at low temperatures with a maximum value around T = 20 K, 
which is similar to the results for the Pt/YIG/Pt system [38].  
5.4 Comparison of spin Peltier and spin Seebeck effects 
The T dependence of the SPE signal, obtained by the LIT measurements, is 
compared with that of the SSE thermopower. Here, since the present LIT measurements 
are limited to the temperature range of 281 K  T  300 K, we focus on the sign change 
of the SPE and SSE signals around the magnetization compensation temperature. In 
Figure 5.4(b), we plot the T dependence of the normalized SPE and SSE signals. The T 
dependence of the SPE signal in the Pt/GdIG sample is quite similar to that of the SSE 
thermopower and the sign of both the SPE and SSE is reversed around Tcomp. The 
similarity supports the reciprocity between the SPE and SSE and allows us to apply the 
same interpretation to the T dependence of these phenomena [21–23]. In GdIG, the T 
dependence of the SPE and SSE can mainly be explained by two magnon modes: the 
uniform ferrimagnetic resonance mode (-mode) and a gapped, optical mode (-mode) 
precessing in the opposite direction compared to the -mode. Since the gap at k = 0 of 
the -mode depends on the Fe-Gd exchange coupling, the -mode shifts to lower 
energy with increasing temperature due to the loss of order of the Gd moments. At the 
sign change of the SSE at around 71 K, the contribution to the SSE of the -mode 
overwhelms that of the -mode [21]. Above this temperature, the -mode thus 
dominates the observed behaviors of the SPE and SSE. At Tcomp, the sign of the spin 
current caused by the -mode is reversed due to the reversal of the sublattice 
magnetizations, which leads to the observed sign changes of the SPE and SSE signals. 
Unfortunately, although the SPE is also expected to exhibit the sign change at around 
71 K, it is difficult to observe the behavior by means of the LIT method, because the 
infrared emission intensity at such low temperatures is too low to be detected by an 
infrared camera (note that infrared emission intensity is proportional to T4, as described 
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by the Stefan-Boltzmann law). To obtain the full temperature dependence of the SPE, 
the electrical measurements using thermocouple sensors [24,33] are more suitable.  
 
Figure 5.4 (a) T dependence of the SSE thermopower SSSE for the Pt/GdIG/Pt sample. 
SSSE is defined as SSSE = tVSSE/(lΔT) with the SSE voltage VSSE between the ends of 
the Pt layer, the length l, and thickness t of the GdIG slab. The inset to (a) shows the 
comparison of the T dependence of SSSE for the Pt/GdIG/Pt sample with that of the 
thermal conductivity GdIG of the single-crystalline GdIG slab.  (b) Comparison of the 
T dependence of SSSE with that of ΔTSPE on the area L. The SSSE (ΔTSPE) data are taken 
from Figure 5.4(a) [5.3(e)] and normalized by the value at 301 K (300 K). 
5.5 Summary 
In summary, we investigated the SPE in Pt-film/GdIG-slab hybrid systems. By 
means of the LIT method, we measured the temperature dependence of the SPE and 
visualized the sign-reversal process of the SPE signals around the magnetization 
compensation temperature of the GdIG slab. We also performed the quantitative 
measurements of the temperature dependence of the SSE in the Pt/GdIG/Pt system, 
showing the two sign changes of the SSE thermopower, which is consistent with 
previous results, and the concomitant enhancement of the SSE thermopower and 
thermal conductivity of GdIG. Our experimental results show that the temperature 
dependence of the SPE in the Pt/GdIG system is in a good agreement with that of the 
SSE around the magnetization compensation temperature of GdIG, supporting the 
reciprocity between these phenomena. This work also demonstrates that the LIT 
method can be used for measuring the temperature dependence of thermo-spin effects; 
by extending the available temperature range, the method will become a powerful tool 
to investigate the physics of spin caloritronics. 
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Chapter 6 
6 Spin-current-induced temperature modulation 
in metallic bilayers 
The field of spin caloritronics aims to develop novel physics and applications 
based on the interplay between spintronics and thermal transport effects [1–11]. 
Experimental studies on spin caloritronics begin with the investigation of heat-to-spin 
current conversion phenomena. One of such phenomena is the spin Seebeck effect 
(SSE), which refers to the generation of a spin current as a result of a heat current in 
magnetic materials [12–25]. Since the SSE appears in magnetic insulators, this 
phenomenon is now understood in terms of non-equilibrium thermal magnon transport, 
and most of the experimental behaviors are explained by the magnon-based 
models [26–35]. In addition to the magnon-driven SSE, the heat-to-spin current 
conversion can arise also from conduction-electrons’ spin transport; this is called the 
spin-dependent Seebeck effect (SdSE) because it originates from the difference in 
Seebeck coefficients between up- and down-spin electrons [3]. After the pioneering 
demonstration of the spin dependence of the Seebeck coefficient by Slachter et al., the 
SdSE has been investigated in several ferromagnetic metals [36–39].  
Another important topic in spin caloritronics is the investigation of the inverse 
effects: the spin-to-heat current conversion phenomena. This stream is accelerated by 
the direct observation of the spin-dependent Peltier effect (SdPE), the Onsager 
reciprocal of the SdSE, in ferromagnetic metal (FM)/paramagnetic metal (PM)/FM 
pillar structures by Flipse et al. [40]. In 2014, they also reported the observation of the 
spin Peltier effect (SPE) in Pt/ferrimagnetic insulator [yttrium iron garnet (YIG)] 
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junctions by using micro-fabricated thermopile sensors [41]. The SdPE and SPE refer 
to the generation of a heat current as a result of a spin current and, in analogy with the 
heat-to-spin current conversion phenomena, the mechanism of the SdPE (SPE) is 
discussed in terms of non-equilibrium transport of conduction-electrons’ spins 
(magnons). Namely, the SdPE originates from the spin-dependent difference in the 
Peltier coefficient in FM, while the SPE from the energy flow concomitant with 
magnon dynamics [Figures 6.1(a) and 6.1(b)]. However, the experimental research on 
the spin-to-heat current conversion phenomena is limited to a few studies [3,42–46], 
and their behaviors and mechanisms are not sufficiently investigated. This situation is 
attributed mainly to difficulty in measuring the SdPE and SPE; the spin-current-induced 
temperature change appears in nanoscale thin film devices and its magnitude is 
typically smaller than 10 mK [40]. The conventional temperature measurements in such 
nanoscale devices also have difficulty in quantitative estimation of the spin-to-heat 
current conversion efficiency because the temperature modulation concomitant with 
spin currents is confined near heat-source positions [43]. 
 
Figure 6.1 Schematic illustrations of (a) the magnon-driven spin Peltier effect (SPE) 
due to the spin Hall effect (SHE), (b) the conduction-electron-driven spin-dependent 
Peltier effect (SdPE) due to the SHE, and (c) the anomalous Ettingshausen effect 
(AEE). H, M, Jc, and Js denote the magnetic field vector with the magnitude H, 
magnetization vector with the magnitude M of a ferromagnetic metal (FM), charge 
current, and spatial direction of the spin current generated by the SHE in a 
paramagnetic metal (PM), respectively. TSPE, TSdPE, and TAEE represent the 
temperature gradient appearing as a result of the heat current induced by the SPE, 
SdPE, and AEE, respectively.  
To overcome this situation, we have recently established a versatile method for 
measuring the SPE based on the lock-in thermography (LIT) technique [43–45]. This 
method allows imaging of the temperature modulation induced by the SPE with high 
temperature and spatial resolutions (< 0.1 mK and < 20 µm in this study) and requires 
no micro-fabrication processes, realizing systematic investigations of the spin-to-heat 
current conversion properties. In Refs. [43,45], by using the LIT method, we have 
systematically investigated the temperature modulation induced by the SPE in PM/YIG 
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junctions and revealed its unconventional spatial distribution. However, the 
investigation of the spin-to-heat current conversion phenomena using the LIT method 
has been performed only for magnetic insulators, where the spin-to-heat current 
conversion arises only from the magnon-driven SPE because of the absence of the 
conduction-electrons’ contribution.  
In this study, we have applied the LIT method to PM/FM bilayer films and 
investigated the spin-to-heat current conversion phenomena in metallic systems. The 
spin-to-heat current conversion in metallic systems is more complicated than that in 
insulating systems since it can be driven by both the conduction-electron-driven SdPE 
and magnon-driven SPE and be contaminated by thermoelectric effects in FM. The 
systematic measurements based on the LIT provide a crucial piece of information for 
separating these contributions and clarifying the spin-to-heat current conversion 
mechanisms in metals.  
6.1 Spin-dependent Peltier effect and Spin Peltier effect at metallic 
bilayers system 
The sample system used in this study consists of a PM film formed on a FM 
film. Here, we select two different FM materials. The first one is Co20Fe60B20 (CoFeB), 
which is known to have large difference in spin-dependent Seebeck/Peltier 
coefficients [47,48]. The other one is Ni81Fe19 [permalloy (Py)], which is a typical FM 
with moderate difference in spin-dependent Seebeck/Peltier coefficients [49]. As the 
PM layer, we select Pt, W, and Ta since they have strong spin-orbit coupling, of which 
the sign for Pt is opposite that for W and Ta. The thickness of the PM (FM) layer is 10 
nm (20 nm) except for the samples used for the measurements of the thickness 
dependence. The PM/FM bilayer films were fabricated on sapphire substrates and 
patterned into U-shaped structure by sputtering the PM and FM layers through a 
metallic shadow mask [Figures 6.2(a) and 6.2(b)], where the line-width of the U-shaped 
structure is 0.2 mm and the total line length of U-shaped structure is ltot = 4.6 mm. To 
avoid the oxidation, Ta(1 nm)/MgO(2 nm) protective layers were sputtered on the PM 
layer, where the MgO layer is used since MgO is known to form a sharp interface with 
CoFeB and the Ta layer is used to protect the MgO layer from the deliquescent when 
the samples are exposed to air. Since the thin Ta layer is oxidized after the deposition 
and too resistive, it does not affect the transport properties in the PM/FM system. 
In the PM/FM bilayer film, both the conduction-electron-driven SdPE and 
magnon-driven SPE can contribute to the spin-to-heat current conversion. To excite the 
SdPE and SPE in the PM/FM system, we employ the spin Hall effect (SHE) [50–54] in 
the PM layer for injecting a spin current into the FM layer [Figures 6.1(a) and 6.1(b)]. 
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In the previous studies using magnetic pillar structures [40], the SdPE has been excited 
by a spin-polarized current accompanied by a finite charge current. In contrast, the spin-
to-heat current conversion in our PM/FM system is excited by a pure spin current 
induced by the SHE. In this study, despite the difference in the input currents, we refer 
to the spin-to-heat current conversion driven by conduction electrons as the SdPE 
because of the same origin. When a charge current Jc with its density vector jc flows in 
the PM layer of the PM/FM system along the y direction, a spin current Js with its 
density vector js and the spin-polarization vector σ is generated due to the SHE in PM 
and injected into FM. Here, electrons with σ along the x direction induce Js along the z 
direction, since the SHE holds the following relation  
 js = θSH jc  σ, (6.1) 
where θSH is the spin Hall angle of PM. In the SdPE (SPE), the spin current in FM is 
carried by conduction electrons (magnons). When the σ direction is parallel or 
antiparallel to the magnetization M of FM, the spin current induces a temperature 
gradient along the stacking direction, i.e., the z direction. Here, the magnitude of the 
temperature gradient is proportional to |Js| and its direction is dependent on the σ 
direction and the sign of the SdPE or SPE coefficient. As shown in Figures 6.1(a) and 
6.1(b), the symmetry of the SHE-driven SdPE is the same as that of the SPE; both 
effects can be superimposed. To realize the detection of the SdPE and SPE in the 
PM/FM system, it is also important to distinguish their signals from the anomalous 
Ettingshausen effect (AEE), which is a transverse thermoelectric effect occurring in 
FM [55]. Since the temperature gradient due to the AEE in FM is generated in the 
direction of the cross product of Jc and M, it contaminates the SdPE and SPE signals 
in the PM/FM bilayer systems [Figure 6.1(c)]. We separate the spin-current-induced 
signals from the AEE signals by comparing the results in the PM/FM systems with 
those in FM monolayer films, where only the AEE contribution exists. 
To detect the temperature change induced by the spin current in the PM/FM 
samples, we performed the LIT measurements at room temperature and atmospheric 
pressure [56,57]. First of all, the surface of the samples was coated with insulating black 
ink to enhance infrared emissivity. In the LIT measurements, we measured the spatial 
distribution of infrared radiation thermally emitted from the surface of the U-shaped 
PM/FM films by applying a rectangularly-modulated AC voltage with the amplitude V, 
frequency f, and zero DC offset to the films [Figure 6.2(a)]. In this study, we fixed the 
lock-in frequency at f = 5 Hz. By extracting the first harmonic response of detected 
thermal images via Fourier analyses, we can obtain the lock-in amplitude A and phase 
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ϕ images, enabling highly-sensitive detection of thermo-spin and thermoelectric effects 
free from the Joule-heating background [Figure 6.2 (a)] [43,45]. Here, the A () image 
provides the spatial distribution of the magnitude of the voltage-induced temperature 
modulation (the sign of the temperature modulation as well as the time delay due to 
thermal diffusion), where the A () values are defined in the ranges of A  0 (0°   < 
360°).  
 
Figure 6.2 Lock-in thermography (LIT) for the measurements of the SPE, SdPE, and 
AEE in the PM/FM bilayer systems. V and f denote the amplitude and frequency of 
the rectangularly-modulated AC voltage applied to the PM/FM film. (b) Schematic of 
the sample system from the top view. The squares on the PM/FM film define the areas 
L, R, and C. (c) M-H curve for a 20-nm-thick CoFeB film on a sapphire substrate, 
where the H-linear contribution from the substrate was subtracted from raw data. 
During the LIT measurements, to saturate the magnetization M of the CoFeB 
and Py films along the magnetic field H, we applied an in-plane magnetic field H with 
the magnitude of |H| > 0.5 kOe along the x direction [see the magnetization curve of the 
CoFeB film shown in Figure 6.2(c)]. To extract the pure SdPE, SPE, and AEE 
contributions, which reverse sign by reversing H, we calculated the Aodd and ϕodd images 
showing the distribution of the voltage-induced temperature modulation with the H-odd 
dependence. Here, the Aodd and ϕodd images are obtained by subtracting the LIT images 
at H < -0.5 kOe from those at H > +0.5 kOe and dividing the subtracted images by 2. 
In our samples, owing to the U-shaped structure, the symmetries of the SdPE, SPE, and 
AEE can be confirmed simultaneously because the relative orientation of Jc and M is 
different between the areas L, R, and C, where Jc ⊥ M on L and R and Jc || M on C 
when M is along the x direction [Figure 6.2(b)]. Therefore, the temperature modulation 
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due to the SdPE, SPE, and AEE appears on L and R, while it disappears on C [43,45]. 
Since the Jc direction on L is opposite to that on R, the sign of the temperature 
modulation induced by these phenomena is reversed between these areas. 
6.2 Results for Pt/CoFeB sample system 
Figures 6.3(a) and 6.3(b) respectively show the Aodd and ϕodd images for the 
Pt/CoFeB film at V = 10 V and H = 1.4 kOe, where V = 10 V corresponds to the electric 
field magnitude E of 2.2 kV/m and the charge-current amplitude of 20 mA for this 
sample. We observed clear temperature-modulation signals on L and R, where Jc  ⊥ M, 
and ~180° difference in ϕ between L and R, while the signals disappear on C, where Jc 
|| M.  
 
Figure 6.3 (a),(b) Aodd and ϕodd images for the Pt/CoFeB film at V = 10 V and H = 
1.4 kOe, where Aodd (ϕodd) denotes the lock-in amplitude (phase) of the temperature 
modulation with the H-odd dependence. The thickness of the Pt (CoFeB) layer is 10 
nm (20 nm). (c) V dependence of Aodd on L, R, and C of the Pt/CoFeB film, where the 
plotted data were obtained by averaging the Aodd values on the areas. (d) V 
dependence of ϕodd on L and R of the Pt/CoFeB film. 
Since the heat-conduction condition is the same for L and R, this ϕ shift is 
irrelevant to the time delay caused by thermal diffusion, indicating that the sign of the 
temperature modulation is reversed depending on the direction of Jc. In Figures 6.3(c) 
and 6.3(d), we show the V dependence of Aodd and ϕodd in the Pt/CoFeB film, 
respectively. The Aodd value is proportional to V, while the ϕodd shift of ~180° remains 
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unchanged with respect to V. These behaviors are in good agreement with the features 
of the SPE, SdPE, and AEE [40,41,43–45,55]. 
6.3 Results for Pt/CoFeB, Ta/CoFeB, W/CoFeB and CoFeB sample 
systems 
To clarify the origin of the temperature modulation in the Pt/CoFeB film, we 
performed the control experiments using a CoFeB monolayer film, without the PM 
layer, and a W/CoFeB (Ta/CoFeB) bilayer film in which the Pt layer is replaced with 
the W (Ta) layer.  
 
Figure 6.4 (a),(b) Aodd and ϕodd images for the CoFeB monolayer and PM(Pt, W, or 
Ta)/CoFeB bilayer films at V = 10 V. (c) V dependence of Aodd on the area L of the 
CoFeB and PM/CoFeB films. (d) Aodd/E and ΔAodd/E values on L of the CoFeB and 
PM/CoFeB films. The ΔAodd value was obtained by subtracting the Aodd value 
averaged over L of the CoFeB film from that of the PM/CoFeB film. 
As shown in Figures 6.4(a) and 6.4(b), we found that the CoFeB, W/CoFeB, 
and Ta/CoFeB films exhibit the clear temperature modulation with the same symmetry 
and sign as those for the Pt/CoFeB film. In contrast, the signal magnitude depends on 
the sample species; the Aodd values on L and R for the Pt/CoFeB film (W/CoFeB and 
Ta/CoFeB films) are greater (smaller) than those for the CoFeB monolayer, which 
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contain only the AEE contribution [Figures 6.4(a) and 6.4(c)]. This result indicates that 
the positive (negative) spin-current-induced contribution driven by the SHE in Pt (W 
and Ta) is superimposed on the positive AEE background in the CoFeB layer, since the 
sign of θSH in Pt (W and Ta) is positive (negative) and the PM layer exhibits no AEE 
(note that the H-linear contribution of the ordinary Ettingshausen effect in PM is 
negligibly small [45,55]).  
6.3.1 Comparison of spin-curent-induced temperature modulation  
Importantly, during the LIT measurements, we fixed the amplitude of the 
voltage V, not the charge current, applied to the PM/CoFeB and CoFeB films; if we 
regard the PM/CoFeB bilayer film as a simple parallel circuit comprising the PM and 
CoFeB layers with negligible interface resistivity [58], the charge-current density and 
resultant AEE contribution in the CoFeB layer of the PM/CoFeB bilayers is the same 
as that in the CoFeB monolayer. Based on this interpretation, we estimate the spin-
current-induced contribution in the PM/CoFeB films by subtracting the signal in the 
CoFeB monolayer from that in the PM/CoFeB bilayers. As shown in Figure 6.4(d), the 
subtracted LIT amplitude per unit electric field ΔAodd/E with E = V/ltot in the Pt/CoFeB 
film (W/CoFeB and Ta/CoFeB films) exhibit the clear positive (negative) contribution, 
consistent with the characteristic of the SPE and SdPE. Here, the sign of the spin-
current-induced signal in the Pt/CoFeB film is the same as that of the SPE signal in the 
Pt/YIG system [43]. 
6.4 W thickness dependence of W/CoFeB sample systems 
We show the thickness dependence of the voltage-induced temperature 
modulation. First, to further support our interpretation that the ΔAodd signals in the 
PM/CoFeB films originate from the SHE in the PM layer, we investigated the PM-layer 
thickness dependence of the temperature modulation. Here, we used the W/CoFeB 
films with the different W-layer thickness dW and the constant CoFeB-layer thickness 
of 20 nm. Figures 6.5(a) and 6.5(b) show the Aodd and ϕodd images for the CoFeB 
monolayer and W(dW)/CoFeB films at V = 10 V and H = 0.7 kOe. We observed clear 
temperature-modulation signals with the aforementioned features in all the films. As 
shown in Figure 6.5(c), the magnitude of the Aodd signals in the W(dW)/CoFeB films is 
smaller than that in the CoFeB monolayer film. To quantitatively estimate the dW 
dependence of the signal reduction, ΔAodd, we normalized the ΔAodd signals by the 
charge-current density jc
W in the W layer, based on the parallel circuit model [58]. As 
shown in Figure 6.5(d), the magnitude of ΔAodd/jcW for the W(5 nm)/CoFeB film is 
much greater than that for the W(10 or 15 nm)/CoFeB films and the resistivity of the 
5-nm-thick W film is much greater than that of the 10- and 15-nm-thick films. This 
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behavior is consistent with the W-thickness dependence of θSH; the SHE in W is known 
to be enhanced with decreasing the thickness due to the contribution from the highly-
resistive -W phase [59–61]. The W-thickness dependence observed here buttresses 
our basis that the difference in the temperature modulation between the PM/CoFeB 
bilayer and CoFeB monolayer films is attributed to the spin-current injection induced 
by the SHE.  
 
Figure 6.5 (a),(b) Aodd and ϕodd images for the CoFeB monolayer and W(dW)/CoFeB 
bilayer films with different W-layer thicknesses, dW =  5, 10, and 15 nm, at V = 10 V 
and H = 0.7 kOe. (c) V dependence of Aodd on the area L of the CoFeB and 
W(dW)/CoFeB films. (d) dW dependence of ΔAodd/jcW on L of the W(dW)/CoFeB films, 
where the charge-current density jc
W in the W layer was estimated based on the 
parallel circuit model  [53]. The inset to (d) shows the dW dependence of the electrical 
resistivity ρW of the W layer. 
6.5 CoFeB thickness dependence of Pt/CoFeB and CoFeB sample 
systems  
Next, we measured the FM-layer thickness dependence of the spin-current-
induced temperature modulation to investigate the length scale of the observed 
phenomena. To do this, we performed the same experiments using the Pt/CoFeB and 
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CoFeB films by varying the CoFeB thickness dCoFeB while fixing the Pt thickness at 10 
nm. Figure 6.6(a) shows the dCoFeB dependence of Aodd/E for the Pt/CoFeB(dCoFeB) and 
CoFeB(dCoFeB) films at H = 1.4 kOe. We observed clear temperature-modulation 
signals in all the films and found that the magnitude of Aodd/E monotonically increases 
with increasing dCoFeB. The AEE signal in the CoFeB monolayer films exhibits an 
almost linear dependence on dCoFeB; this behavior can be explained simply by the facts 
that the out-of-plane heat current induced by the AEE is constant in the CoFeB layer 
and that the resultant temperature difference is proportional to the integral of the heat 
current over the CoFeB thickness. In contrast, the dCoFeB dependence of the spin-
current-induced signal in the Pt/CoFeB films, extracted by subtracting the AEE 
contributions in the CoFeB layer, shows a different behavior; as shown in Figure 6.6(b), 
the magnitude of ΔAodd/jcPt in the Pt/CoFeB films gradually increases with increasing 
dCoFeB but saturates when dCoFeB > 30 nm, where jc
Pt denotes the charge-current density 
in the Pt layer. This saturation behavior is qualitatively similar to the ferromagnetic- or 
ferrimagnetic-layer thickness dependence of the thermo-spin effects, such as the SSE, 
SdSE, and SPE [30,45,62]. It is noteworthy that non-monotonical thickness dependence 
can appear when the decay length of spin and energy is separated, e.g. in Pt/YIG 
systems [63]. 
6.6 Results for Pt/Py and Py sample systems 
The above experiments clearly show that the PM/CoFeB films exhibit the spin-
current-induced temperature modulation. However, the temperature modulation may 
include both the conduction-electron-driven SdPE and magnon-driven SPE 
contributions in the metallic samples. To obtain a clue for distinguishing the SdPE and 
SPE contributions, we measured the spin-current-induced temperature modulation also 
in the Pt/Py film under the same conditions as the CoFeB experiments. Since the SdPE 
coefficient of Py is believed to be much smaller than that of CoFeB [48,49,64], the 
SdPE contribution in the Pt/Py films is expected to be smaller than that in the Pt/CoFeB 
films.  
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Figure 6.6 (a) CoFeB-thickness dCoFeB dependence of Aodd/E on the areas L and R of 
the CoFeB monolayer and Pt/CoFeB bilayer films. The Aodd/E values are estimated by 
linear fitting of the V dependence of Aodd. (b) dCoFeB dependence of ΔAodd/jcPt on L and 
R. The ΔAodd value was obtained by subtracting the Aodd value averaged over L or R 
of the CoFeB(dCoFeB) film from that of the Pt/CoFeB(dCoFeB) films. The solid (dashed) 
fitting curve is obtained by fitting the experimental results using Eq. (6.12) [Eqs. 
(6.12) and (6.14)] for the case without (with) the interfacial thermal conductance. 
Parameters used in the fitting are κCoFeB = 29.8 Wm-1K-1 [44], σCoFeB = 6.0 × 105 Ω-1m-
1, σPt = 3.8 × 106 Ω-1m-1, dCoFeB = 20 nm, dPt = 10 nm, PFM=0.72 [58], λPt = 2 nm [48], 
and 𝜃SH=0.2 [65]. Here, we use Gm = 0  Ω
-1m-2 to exclusively consider the SdPE 
contribution and an infinitely large Gs value to assume the condition that s is 
continuous at the PM/FM interface. For the case without the interfacial thermal 
conductance, s = -0.152 ± 0.023 V and λCoFeB = 9.4 ± 4.6 nm are obtained. For the 
other case with κint = 1 GWm-2K-1, s = -0.062 ± 0.022 V and λCoFeB = 18.1 ± 9.9 nm 
are obtained. The inset to (a) shows the dCoFeB dependence of the electrical 
conductivity σCoFeB of the CoFeB films 
In Figures 6.7(a) and 6.7(b), we show the Aodd and ϕodd images for the Py 
monolayer and Pt/Py bilayer films at V = 10 V and H = 1.4 kOe. Both the samples 
exhibit clear temperature-modulation signals on L and R in the same manner as the 
CoFeB experiments, where the sign of the signals is reversed between L and R [Figure 
6.7(b)] and the magnitude is proportional to V [Figure 6.7(c)]. Importantly, the signal 
magnitude in the Pt/Py bilayer film was found to be greater than that in the Py 
monolayer film, indicating the finite spin-current contribution in the Pt/Py film. As 
shown in the inset to Figure 6.7(c), the ΔAodd signal in the Pt/Py film is proportional to 
V, consistent with the characteristic of the SPE and SdPE. The sign of the spin-current-
induced temperature modulation in the Pt/Py film is the same as that in the Pt/CoFeB 
film.  
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Figure 6.7 (a),(b) Aodd and ϕodd images for the Py monolayer and Pt/Py bilayer films 
at V = 10 V and H = 1.4 kOe. (c) V dependence of Aodd on L of the Py and Pt/Py 
films. The inset to (c) shows the V dependence of ΔAodd, where the ΔAodd value was 
obtained by subtracting the Aodd value averaged over L of the Py film from that of the 
Pt/Py film. 
Here, we compare the magnitude of the spin-current-induced temperature 
modulation between the Pt/CoFeB and Pt/Py films. The values of ΔAodd/jcPt on L for the 
Pt(10nm)/CoFeB(20nm) and Pt(10nm)/Py(20nm) films are estimated to be 0.71  10-
13 Km2A-1 and 0.32  10-13 Km2A-1, respectively. The magnitude of the spin-current-
induced signal in the Pt/CoFeB film is greater than but comparable to that in the Pt/Py 
film despite the substantial difference in electron-transport properties between CoFeB 
and Py [48,49]. Furthermore, as discussed next section, the magnitude of the spin-
current-induced temperature modulation observed here is too large to be explained only 
by the SdPE contribution. These facts imply that not only the conduction-electron-
driven SdPE but also the magnon-driven SPE contributes to the temperature modulation 
in our PM/FM bilayer films.  
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6.7 Estimation of spin-dependent Peltier coefficient using a model 
calculation 
To further discuss the origin of the observed spin-current-induced temperature 
modulation, we model the SHE-induced SdPE and SPE in the PM/FM bilayer films. 
The spin currents in FM are composed of conduction electrons and magnons. For 
conduction electrons in FM, the diffusive spin current is driven by the gradient of the 
spin-dependent electrochemical potentials  with the spin index  (= , ) as follows:   
 𝑗s = − (𝜎↑∇
𝜇↑
𝑒
− 𝜎↓∇
𝜇↓
𝑒
) = −
𝜎FM
2
∇
𝜇s
𝑒
− 𝜎FM𝑃FM∇
𝜇c
𝑒
, (6.2) 
where s =  − , c = ( + )/2, e is the elemental charge, FM =  +  the 
electrical conductivity, and PFM the spin polarization of conduction electrons: PFM = 
( − )/FM. When no charge current exists along the spin current, this spin current 
gives rise to the SdPE-induced temperature modulation: ΔTSdPE  -sjs with the SdPE 
coefficient s, which is determined by the difference in the Peltier coefficient between 
the up- and down-spin conduction electrons: s =  − . Magnons can also be driven 
by the gradient of its accumulation µm, and the magnon current is given by  
 𝑗m = −𝜎m∇
𝜇m
𝑒
, (6.3) 
where m is the magnon conductivity. The SPE-induced temperature change is 
described as ΔTSPE  SPEjm with the SPE coefficient SPE. 
To estimate the SdPE- and SPE-induced temperature modulations, we 
determined the spin-current density by solving the diffusion equations for µs, µc, and 
µm:  
 ∇2𝜇s = 𝜇s/𝜆
2 
∇2𝜇c = 0 
∇2𝜇m = 𝜇m/𝜆m
2 , 
 
(6.4) 
where λ (λm) is the spin (magnon) diffusion length. We consider one-dimensional spin 
and magnon transports in the direction perpendicular to the PM/FM interface (the z 
direction). The FM (PM) layer possesses the conductivity σFM(PM), spin diffusion length 
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λFM(PM), and thickness dFM(PM), where the FM (PM) layer is in the range of –dFM  z  0 
(0  z  dPM). The boundary conditions are given by jsFM(-dFM) = 0, jm(-dFM) = 0, 
js
PM(dPM) + js
SHE = 0, µc = 0 at the system edges, and jsFM(0) + jm(0) = jsPM(0) + jsSHE, 
where js
SHE and js
FM(PM)(z) denote the spin current induced by the SHE and the spin 
current in FM (PM) along the z direction, respectively. We describe the spin-magnon 
interconversions at the PM/FM interface (z = 0) as 
 𝑗s
FM(0) = 𝐺s[𝜇s
FM(0) − 𝜇s
PM(0)]/𝑒, (6.5) 
 𝑗m(0) = 𝐺m[𝜇m(0) − 𝜇s
PM(0)]/𝑒, (6.6) 
where µsFM(PM)(z) denotes the spin accumulation in FM (PM) [30,33,65]. 𝐺s  (𝐺m ) 
represents the conductance for the interconversion between conduction electrons spins 
in PM and FM (between conduction electron spins in PM and magnons in FM). 
Subsequently, we obtain 
 
𝑗s
FM = −
𝐺sFM
(𝐺s+ FM)
sinh (
𝑑FM + 𝑧
𝜆FM
)
sinh (
𝑑FM
𝜆FM
)
𝜇s
PM(0)
𝑒
, 
(6.7) 
 
𝑗s
PM = −
cosh (
𝑧
𝜆PM
)
cosh (
𝑑PM
𝜆PM
)
𝑗s
SHE + PM
sinh (
𝑑PM − 𝑧
𝜆PM
)
sinh (
𝑑PM
𝜆PM
)
𝜇s
PM(0)
𝑒
, 
(6.8) 
 
𝑗m = −
𝐺mm
(𝐺m+ m)
sinh (
𝑑FM + 𝑧
𝜆m
)
sinh (
𝑑FM
𝜆m
)
𝜇s
PM(0)
𝑒
, 
(6.9) 
where FM = (1 − 𝑃FM
2 )
σFM tanh(
𝑑FM
𝜆FM
)
2𝜆FM
, PM =
σPM tanh(
𝑑PM
𝜆PM
)
2𝜆PM
, m =
σmtanh (
𝑑FM
𝜆m
)
𝜆m
, and 
 
𝜇s
PM(0) = −
𝑒𝑗s
SHE [1 − sech (
𝑑PM
𝜆PM
)]
[PM +
𝐺sFM
(𝐺s + FM)
+
𝐺mm
(𝐺m + m)
]
. 
(6.10) 
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The resulting temperature modulation TSdPE(SPE) due to the SdPE (SPE) at the surface 
of the system can be obtained as  
 
(
𝛿𝑇SdPE
𝛿𝑇SPE
) =
1
𝜅FM
∫ (−
Πs
2
𝑗s
ΠSPE𝑗m
)
𝑧=0
𝑧=−𝑑FM
𝑑𝑧 
(6.11) 
by solving the one-dimensional heat equation assuming that the bottom of the PM/FM 
film is connected to a heat bath (i.e., the substrate) and top surface of the film is open, 
where FM is the thermal conductivity of FM.  Note that the temperature modulation in 
the black ink layer can be omitted because there is negligibly small heat current as the 
heat radiation loss from the top surface is not effective compared with bulk thermal 
conduction.  Finally, the temperature modulation induced by the SdPE is given by 
 𝛿𝑇SdPE
= −
Пs
2FM
𝐺sFM
(𝐺s + FM)
𝑗s
SHE𝜆FMtanh (
𝑑FM
2𝜆FM
) [1 − sech (
𝑑PM
𝜆PM
)]
[PM +
𝐺sFM
(𝐺s + FM)
+
𝐺mm
(𝐺m + m)
]
 
(6.12) 
and that induced by the SPE is given by 
 
𝛿𝑇SPE =
ПSPE
FM
𝐺mm
(𝐺m + m)
𝑗s
SHE𝜆mtanh (
𝑑FM
2𝜆m
) [1 − sech (
𝑑PM
𝜆PM
)]
[PM +
𝐺sFM
(𝐺s + FM)
+
𝐺mm
(𝐺m + m)
]
. 
(6.13) 
Here, it is noteworthy that FM and m depend on dFM. The contribution from the 
interfacial thermal resistance can be included by 
 𝛿𝑇SdPE
int = −
Пs𝑗s
FM|𝑧=0
2int
, (6.14) 
assuming continuity of the heat current at the PM/FM interface and the FM layer. The 
same manner can be applied to the SPE.  
The above model calculations show that the SdPE and SPE have quite similar 
dFM dependence. Although the difference between the SdPE and SPE comes from the 
transport properties of conduction electron spins and magnons, such as the length scale, 
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conductivity, conversion efficiencies at the interface, and the SdPE and SPE 
coefficients, it is difficult to estimate the SdPE and SPE parameters simultaneously by 
fitting; a number of parameters have to be assumed for quantitative discussions (see 
below). The experimental results in Figure 6.6(b) show that the dFM dependence of 
ΔAodd/jcPt in the Pt/CoFeB films has a characteristic length of ~10 nm, which is similar 
to or rather longer than FM for CoFeB, obtained in spin-valve experiments at low 
temperatures  [66–68]. As the diffusion length of magnons can be longer than that of 
electron spins owing to the difference in the scattering mechanisms [30,33,62,66,69,70], 
the observed ΔAodd/jcPt signals may contain the contribution from the magnon-driven 
SPE. Nevertheless, it is still difficult to separate the SdPE and SPE contributions 
quantitatively because of the presence of unknown transport parameters.  
To obtain a clue for the separation, we estimated the spin-to-heat conversion 
coefficient from the magnitude of the observed ΔAodd/jcPt signal. First of all, we have to 
note that, to compare with the model calculation with the LIT results, the amplitude jc
Pt 
of the square wave should be converted into the amplitude of the first harmonic 
sinusoidal wave: (4/)jcPt. If we attributed the signal for the Pt/CoFeB film solely to the 
SdPE, we obtained s/κCoFeB = -5.1 ± 0.8  × 10-3 VKmW-1 and λCoFeB = 9.4 ± 4.6 nm 
from the fitting using the experimental values of σCoFeB = 6.0 × 105 Ω-1m-1 [see the inset 
to Figure 6.6(b)], σPt = 3.8 × 106 Ω-1m-1, which is estimated based on the short-circuit 
model, and dPt = 10 nm and the reference values of PFM = 0.72 [64], λPt = 2 nm [53], 
and 𝜃SH=0.2 [71], where the fitting result is shown with a red solid line in Figure 6.6(b). 
Here, κCoFeB and λCoFeB are the thermal conductivity and spin-diffusion length of CoFeB, 
respectively, and we assume an infinitely large Gs, the condition in which s is 
continuous at the PM/FM interface, and the lower limit of s is obtained. If κCoFeB is 
comparable to the thermal conductivity of CoFe, i.e., assuming κCoFeB = 29.8 Wm-1K-
1 [49], we obtained s = -0.152 ± 0.023 V. The s/κPy value for Py is estimated to be -
5.2 ± 2.0 × 10-4  VKmW-1 from the experimental values of σPy = 1.3 × 106 Ω-1m-1 and 
dPy = 20 nm, the reference values of PFM = 0.36 [49] and λPy = 6.7 nm [62], and the 
aforementioned parameters for Pt, indicating s = -0.0119 ± 0.0045 V when the thermal 
conductivity of Py is κPy = 22.9 Wm-1K-1 [72]. We note that the injection efficiency of 
the conduction-electron spin current, 𝑗s
FM(0)/𝑗s
SHE, for the Pt/CoFeB(20 nm) [Pt/Py(20 
nm)] interface is as low as 1.5 % [8.0 %] because of the huge difference between σCoFeB 
and σPt, where the values are calculated from Eqs. (6.7) and (6.10). The injection 
efficiency can be intuitively understood by considering the condition of  the transparent 
interface (Gs = ∞), small magnon conduction (Gm = 0), and λPM << dPM; 𝑗s
FM(0)/𝑗s
SHE 
is reduced to FM/(PM + FM) (note that PM(FM) ∝ 𝜎PM(FM)). Therefore, although 
the magnitude of the observed temperature modulation in the Pt/CoFeB systems is 
comparable to that in the Pt/Py systems, the estimated s value for the Pt/CoFeB 
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systems is much greater than that for the Pt/Py systems. Notably, the estimated s 
values are much greater than the reported values of the SdPE coefficients, -0.0216 V 
for CoFeAl [49], -0.0059 V for CoFe [47], and -0.0011 V [47] and -0.0019 
V [36,40,42] for Py, and even greater than the conventional (spin-independent) Peltier 
coefficients for CoFeB and Py [12,49], where the SdPE coefficients are estimated by 
multiplying the SdSE coefficients by the temperature through the Onsager reciprocal 
relation [8,42]. This situation remains even when taking the contribution from the 
interfacial thermal resistance of the PM/FM junctions into account; assuming int = 1 
GWm-2K-1 as a typical value of the interfacial thermal conductance for metal-metal 
junctions [73–75], we obtained s = -0.062 ± 0.022 V and λCoFeB = 18.1 ± 9.9 nm for 
the Pt/CoFeB systems, where the fitting result with int is shown with a red dotted line 
in Figure 6.6(b). These facts indicate that the results cannot be explained only by the 
conduction-electron-driven SdPE due to the SHE, indicating the substantial 
contribution from the magnon-driven SPE even in the metallic systems. In fact, the 
magnitude of the spin-current-induced temperature modulation, ΔAodd/jcPt, in Pt/CoFeB 
(0.07  10-12 Km2A-1 for dCoFeB = 20 nm) and Pt/Py (0.03  10-12 Km2A-1 for dPy = 20 
nm) films is comparable to that of the SPE in the Pt/Fe3O4 system (0.13  10-12 Km2A-
1 for the 23-nm-thick Fe3O4 layer) [44]. This is in line with a theoretical study [76], 
where the magnon contribution is expected to be much greater than the conduction 
electron contribution. 
Finally, we mention remaining tasks for realizing quantitative estimation of the 
spin-to-heat conversion phenomena in metallic systems. As discussed above, the 
temperature modulation induced by the SdPE and SPE is determined by many transport 
parameters in PM/FM systems, and it is necessary to determine their reliable values 
with the aid of other experiments and calculations. Furthermore, in the PM/FM bilayer 
systems, thermo-spin and/or thermoelectric conversion due to the interfacial effects 
may have to be taken into account. For example, the spin current due to the spin 
anomalous Hall effect in the FM layers [77] can generate the SdPE signal and its output 
can be modified when the spin-sink PM layer is attached. This contribution is hard to 
be separated from other effects but is expected to be small because the modulation of 
the spin anomalous Hall effect cannot explain the sign change of the spin-current-
induced temperature modulation between the Pt/CoFeB and W/CoFeB systems. 
Another possibility is the enhancement of the AEE due to the interfacial spin-orbit 
interaction, because the anomalous Nernst effect, the reciprocal of the AEE, was 
observed to be enhanced in PM/FM multilayer films with increasing the PM/FM-
interface density [78]. However, such interfacial effect can be ruled out by the dFM 
dependence of the temperature modulation since the interfacial contribution is expected 
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to decrease with increasing dFM, which is an opposite trend to the results shown in 
Figure 6.6(b).  
6.8 Summary 
In this chapter, we reported the measurements of the temperature modulation 
induced by thermoelectric and thermo-spin effects in PM(Pt, W, or Ta)/FM(CoFeB or 
Py) bilayer films and FM monolayer films by means of the lock-in thermography 
technique. We observed clear temperature-modulation signals satisfying the symmetry 
of the SPE, SdPE, and AEE and found that all the PM/FM bilayer films exhibit finite 
spin-current-induced contributions, which are estimated by subtracting the AEE 
contribution in FM. The sign and the PM-thickness dependence of the spin-current-
induced temperature modulation are consistent with the interpretation that the 
temperature modulation is driven by the SHE in PM. The CoFeB-thickness dependence 
of the spin-current-induced temperature modulation in the Pt/CoFeB films suggests that 
the length scale of the observed phenomenon is on the order of 10 nm. Importantly, the 
magnitude of the spin-current-induced temperature modulation in our PM/FM bilayer 
films is too large to be explained only by the SdPE contribution, indicating that both 
the conduction-electron-driven SdPE and the magnon-driven SPE contribute to the 
temperature modulation in our films. This fact is revealed owing to the versatility of 
the LIT method, which allows us to overcome the difficulty in conventional temperature 
measurements in micro-fabricated nanoscale devices. Although the quantitative 
separation between the SPE and SdPE contributions remains to be achieved, the 
observation of the spin-to-heat current conversion in simple metallic bilayers makes 
significant progresses in the physics of spin caloritronics.  
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Chapter 7 
7 Conclusion 
This thesis described here is a part of spin caloritronics that focus on the 
coupling between spin and heat transport using different materials. The main 
motivation of this thesis is not only understanding the mechanism of spin-heat 
interconversion phenomena in paramagnet/ferromagnet junctions but also develop 
techniques for realizing thermoelectric generation based on spin Seebeck effect (SSE) 
and heat control technique based on spin Peltier effect (SPE). For this purpose, we 
focused on three significant factors determining the spin-heat interconversion in 
paramagnet/ferromagnet junctions: (i) spin-charge conversion in paramagnet, (ii) 
interface condition of paramagnet/ferromagnet junction and (iii) spin (magnon) 
transport properties in ferromagnet. Here, we again summarize the results of our 
findings. 
In chapter 3, we mainly focused on spin-charge conversion in paramagnet 
(factor (i)). Here, we introduced a new spin-charge conversion mechanism in the spin 
Seebeck devices. We reported the SSE in Bi2O3/Cu/yttrium-iron-garnet (YIG) devices. 
When we applied an out-of-plane temperature gradient to the Bi2O3/Cu/YIG device, a 
spin current was generated across the Cu/YIG interface via the SSE. This generated 
spin current converted into electric voltage due to the spin-orbit coupling at the 
Bi2O3/Cu interface. The SSE voltage in the Bi2O3/Cu/YIG devices disappeared in the 
absence of the Bi2O3 layer. We also found that thermoelectric conversion efficiency 
was independent of the Cu thickness. This result indicated the important role of the 
Bi2O3/Cu interface. Moreover, this result demonstrates that not only the bulk inverse 
spin Hall effect but also the spin-orbit coupling near the interface can be used for SSE-
96 
based thermoelectric generation. Finally, the interface spin-orbit coupling may provide 
a new strategy for efficient thermoelectric devices. 
Chapter 4 is related with the whole of the devices (factors (i), (ii) and (iii)). Here, 
we presented a possible application of spin Seebeck devices. We reported the irradiated 
thermoelectric devices based on the SSE with gamma (γ) rays with the total dose of 
around 3  105 Gy in order to investigate the γ-radiation resistance of the devices. To 
demonstrate this, Pt/Ni0.2Zn0.3Fe2.5O4/Glass and Pt/Bi0.1Y2.9Fe5O12/Gd3Ga5O12 SSE 
devices were used. We confirmed that the thermoelectric, magnetic, and structural 
properties of the SSE devices were not affected by the γ-ray irradiation. This result 
demonstrates that SSE devices are applicable to thermoelectric generation even in high 
radiation environments. These findings are essential not only for application but also 
for understanding mechanism of interface condition for further investigation.   
In chapter 5, our purpose was based on spin-to-heat conversion mechanism in 
the junction comprising a compensated ferrimagnet and a paramagnetic metal. Here, 
the key feature was the magnon transport properties of the compensated ferrimagnet 
(factor (iii)). We showed the SPE in a junction comprising a gadolinium-iron-garnet 
(GdIG) slab and a Pt film around the magnetization compensation temperature of GdIG 
by means of the lock-in thermography method. When a charge current was applied to 
the Pt layer, a spin current was generated across the Pt/GdIG interface via the spin Hall 
effect in Pt. This spin current induced a heat current and a measurable temperature 
change near the Pt/GdIG interface due to the SPE. The SPE signal in the Pt/GdIG 
junction showed a sign change around the magnetization compensation temperature. 
The result demonstrated the similar temperature dependence of the SPE and the SSE 
for the Pt/GdIG hybrid system. Finally, it is essential to prove the similar magnon 
transport properties for both SPE and SSE to provide a new approach for understanding 
spin-to-heat interconversion. 
In chapter 6, we mainly studied spin-to-heat conversion phenomena related with 
the spin and magnon transport properties in metallic ferromagnets (factor (iii)). We 
reported temperature modulation due to pure spin current in bilayer metallic films 
consisting of a paramagnetic metal (PM; Pt, W, or Ta) and a ferromagnetic metal (FM; 
CoFeB or permalloy). When a charge current was applied to the PM/FM bilayer film, 
a spin current was generated across the PM/FM interface owing to the spin Hall effect 
in PM. The spin current was found to exhibit cooling and heating features depending 
on the sign of the spin Hall angle of PM, which was attributed to the conduction-
electron-driven spin-dependent Peltier effect and magnon-driven spin Peltier effect in 
97 
FM. To reveal the origin, we compared the spin-current-induced contribution, 
estimated by subtracting the contribution of the anomalous Ettingshausen effect in FM 
monolayer films, in PM/FM systems with the phenomenological calculations based on 
the spin and magnon diffusion models. We found that the spin-current-induced 
temperature modulation was greater than that expected from the spin-dependent Peltier 
coefficients reported in earlier studies and its characteristic length was around 10 nm, 
possibly larger than typical spin diffusion lengths of conduction electrons in FM. These 
facts indicated that the signals in the PM/FM films may contain the substantial 
contributions from the magnon-driven spin Peltier effect. Moreover, we concluded that 
magnon spin current in ferromagnetic metals may provide a new method for thermo-
spin devices  
In conclusion, we investigated the fundamental interaction between spin and 
heat currents. The results obtained in this thesis are important to clarify the microscopic 
origin of the spin-heat interconversion in magnetic hybrid systems and to improve its 
conversion efficiency. The findings show that magnon spin current is important both in 
insulating and metallic systems. This investigation can provide new insights for spin-
heat conversion efficiency via magnon engineering. We believe that this work improves 
the current knowledge of spin caloritronics and pave the way for thermo-spin and 
spintronic devices.
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